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Thermoelectric and photoelectric effects can provide sustainable energy 
harvested from the environment. Such environmentally friendly energy sources are 
considered to be the most promising renewable energy for solving the future energy 
shortage. With the inspiration of the outstanding properties of novel two dimensional 
(2D) materials, we study the thermal and photoelectric transport of few 2D materials 
in order to find high efficiency thermoelectric and photoelectric materials for energy 
harvesting applications. 
In the beginning of this thesis, I study the thermal conductivity in suspended 
single layer graphene. Thermal conductivity has been observed to increase with the 
length (L) of the samples and to scale as ~ log L, even when L is one order of 
magnitude longer than the average phonon mean free path. However, for bulk 
materials, heat conduction is governed by Fourier’s law, which shows the thermal 
conductivity is independent of the material geometry. This result consummates the 
understanding of the thermal transport in low dimensional systems. Later, we use the 
molecular dynamics simulations to explain the thermal transport behavior in this 
system. These results confirm the divergence of thermal conductivity and suggest that 
it is related to the two-dimensional nature of phonons in graphene and to the change 
of the phonon population at stationary non-equilibrium conditions. 
In the second part of this thesis, I present the study of thermoelectric properties 
of another 2D crystal: MoS2 with the purpose of seeking for high efficient 
thermoelectric materials. High value of thermopower was demonstrated and its 
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tunable values make MoS2 a great candidate for thermoelectric applications for 
example in energy harvesting with micro-fabricated devices. From the great 
enhancement at low carrier density region and the shift with the temperature, we 
found that at low carrier densities, transport is dominated by the variable-range 
hopping. 
At last, I study the optoelectronics properties of an upcoming 2D material: black 
phosphorus. We demonstrate that black phosphorus can be an excellent ultraviolet 
(UV) photodetector. We report also an exceptional photo responsivity in the UV range. 
This is the highest ever measured with 2D materials. We attribute such a colossal UV 
photo responsivity to the resonant-interband transition between two specially nested 
valence and conduction bands. These nested bands provide an unusual high density of 
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Chapter 1 Introduction 
 
1.1 Thermoelectric and photoelectric in renewable energy 
resources 
With the increase demand for global energy consumption, the combustion of fossil 
fuel is also dramatically increased. The environmental impact of global climate 
change is becoming increasingly alarming due to the emission of additional 
greenhouse gases from the production, use and disposal of fossil fuel as heat carrier 
fluids1, 2. The lower quality of life due to air pollution and the pressure of the 
increasing world population puts on our natural energy sources have defined today’s 
energy challenge: to search for new, clean and renewable prospective energy 
resources. 
Thermoelectric materials have attracted much attention in recent decades due to the 
direct conversion between heat energy and electricity. This makes thermoelectric 
materials a promising alternative in using the renewable energy resources like 
geothermal and solar heat. Although thermoelectric materials are reliable, lightweight, 
robust and environmentally friendly3, the low efficiency has limited its applications 4. 
The efficiency of thermoelectric materials is determined by thermoelectric figure of 
merit, ܼܶ ൌ ௌమఙ఑ ܶ	where S is the Seebeck coefficient, ߪ	is the electrical conductivity 
and ߢ	 is the thermal conductivity4. From the equation we know that the 
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understanding of the mechanism for thermal transport is very important for seeking 
high efficiency thermoelectric materials. Beside this, thermal transport also plays an 
important role in a large variety of industrial applications. Heat dissipation issues are 
now the key limitation for modern micro/nano-sized devices for further scale down. 
Therefore, for better thermal management, it is crucial to understand the heat transport 
in nanometer range systems. Recently studies found that the heat transport in low 
dimensional systems differ significantly from that in bulk materials. As the sample 
geometry becomes comparable to the phonon mean-free-path, the behavior of phonon 
transport changes dramatically5. Both the phonon transport diffusivity and thermal 
conductivity becomes size dependent in contrast to bulk systems where it is a 
size-independent material parameter6.  
Optoelectronics is another potential renewable energy technology due to its ability to 
convert light energy, for example, sunlight, to more practical electrical energy. 2D 
materials have shown excellent performance in optoelectronics7, 8, 9. The 
optoelectronic applications of 2D materials have become the potential alternative for 
the grid self-powered applications. 2D materials have the advantage of strong build in 
fields due to sharp Schottky barrier at the interface between two different work 
function materials. This field in combination with the ultra-thin device ensures very 
low electron hole recombination for high efficiency. Efficiency has been shown to be 
similar to the best commercial solar cells even though it is only a few atomic layers 
thick7,8. Recently, 2D transition metal dichalcogenides (TMDCs) have attracted much 






1.2 Thesis outline 
The aim of this thesis is to study the basic thermal transport, thermoelectric and 
optoelectronic properties in 2D systems and also to search for high efficiency 
thermoelectric and photoelectric materials, which are of great interest to future energy 
harvesting applications such as thermal power generation, device cooling and solar 
cell. 
For bulk materials, heat conduction is governed by Fourier’s law which shows the 
thermal conductivity is independent to the material geometry. However, recent studies 
reported that in low-dimensional system, the thermal conductivity actually is size 
dependent. This finding gives rise to new open questions regarding the thermal 
transport mechanism in low dimensional materials. Length-dependent thermal 
conductivity of one-dimensional nanotubes have already been experimentally reported 
by Chang et al., which urge for new understanding of the low dimensional heat 
transport. For 2D materials, the heat transport is still poorly studied, especially the 
exact relationship between the thermal conductivity and the size of materials. Here, I 
begin with the study of the basic thermal transport of suspended graphene. We believe 
the study of the basic thermal transport mechanism behind the material is very 
important in the point of understanding the intrinsic properties of thermoelectricity, 
and also helpful in the sense of heat management like heat dissipation for the scaling 
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down devices in electronics industry. By utilizing the thermal bridge method11,12, we 
have studied thermal conductivity in suspended single layer graphene. Thermal 
conductivity has been observed to increase with the length of the samples scales as ~ 
log L, even when L is one order of magnitude longer than the average phonon 
mean-free-path. Molecular dynamics simulations were used to explain the thermal 
transport behavior in this system, which is in excellent agreement with experiments, 
confirming the divergence of thermal conductivity and suggesting that it is related to 
the two-dimensional nature of phonons in graphene and to the change of the phonon 
population at stationary non-equilibrium conditions. On the other hand, the length 
dependence of 2D systems remains poorly understood and a ~ logL dependence has 
been proposed by various analytical theories. Our experiment and simulation studies 
provide strong evidence for a ~ logL behavior in graphene, which is different from 
both of that in 1D and 3D systems. This result consummates the understanding of the 
thermal transport in low dimensional systems. 
However, graphene is a zero bandgap semiconductor and shows very low 
thermopower (order of 102 V/K) beside its ultrahigh thermal conductivity. The 
results of the study for more general 2D materials with bandgap are more promising 
future in material science. The complex band structure increases the thermopower due 
to the close relationship between thermopower and band structure. In the second part 
of this thesis, I present the study of thermoelectric properties of a 2D crystal with 
bandgap: MoS2. In this section, electrical and thermal measurements of single layer 
CVD MoS2 have been performed in a broad temperature range. Remarkably large 
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Thermopower (TEP), up to 30 mV/K at room temperature, is observed. Such high and 
also tunable values give MoS2 a great potential for thermoelectric applications for 
example in energy harvesting on micro-fabricated devices. From the great 
enhancement at low carrier density region and the shift with the temperature, we 
found that at low carrier densities, transport is dominated by the variable-range 
hopping. Hence, the contribution from phonon-drag effect on TEP is negligible. This 
can be also seen in the close connection between the back gate voltage dependence of 
the TEP and the electrical conductance. These observations can be attributed to the 
strong localization of the charge carriers since phonon-drag only affects the 
non-localized ones. The link between TEP and conductance also indicates that TEP 
measurements can be used to understand both the electrical and thermal properties of 
this low dimensional material.  
Inspired by MoS2, I studied another 2D material: black phosphorus, which is direct 
bandgap semiconductor. Compare to MoS2, the anisotropy of black phosphorus makes 
this upcoming 2D material very attractive. Before we studied the thermoelectricity of 
black phosphorus, we found that this material is very sensitive to illumination due to 
its direct bandgap while we are using a laser as a heat source for thermoelectricity 
study. Therefore, I study the optoelectronics properties of black phosphorus first in 
this thesis. We demonstrate for the first time that black phosphorus can be an excellent 
ultraviolet (UV) photodetector with a specific detectivity ~ 3ൈ1013 Jones. We report 
also an exceptional photo responsivity of ~9ൈ104AW-1 in the UV range. This is the 
highest ever measured with 2D materials and 107 times higher than previous reported 
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value for black phosphorus visible light photodetectors. We attribute such a colossal 
UV photo responsivity to the resonant-interband transition between two specially 
nested valence and conduction bands. These nested bands provide an unusual high 
density of states for high-efficient UV absorption due to their singularity nature. The 
anisotropy in photoresponse has also been observed in our experiments as we 
expected. We also expect anisotropy thermoelectric transport behavior in black 
phosphorus. In the last part of this thesis, I give an outlook of the experiment of 
anisotropy thermopower study in black phosphorus we are doing. 
This thesis includes seven chapters and a brief outline for the individual chapter is 
given below: 
Chapter 2: The basic introduction of the theories and concepts in thermal transport, 
thermoelectric and optoelectronics. The chapter will focus on the theoretical 
background required for understanding the experiments in this thesis. After discussing 
the basic theories, I briefly introduce the 2D materials we study in this thesis. 
Chapter 3: In this chapter, I focus on the basic experimental techniques required to 
fabricate and characterize the 2D crystal devices. The mechanical exfoliation method 
and CVD grown method are discussed here. The details of device fabrication 
including electron beam lithography technique, plasma etch and thermal evaporation 
is given. At last, I present all the measurements techniques and set-up that we 
employed in this thesis to characterize our samples. 
Chapter 4: The experiment results in the thermal conductivity of suspended single 
layer graphene are discussed. The strong length-dependent and weak width-dependent 
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thermal conductivity are demonstrated in this chapter. 
Chapter 5: I demonstrate a chemical dry-etching and patterning method for MoS2 by 
using XeF2 as a gaseous reactant in this chapter. We study the mechanism of this 
dry-etching method by employ few etch mask like graphene and PMMA. In the 
following, we utilize this etch method to patterning CVD MoS2 and characterize its 
thermoelectric properties. 
Chapter 6: In this chapter, I discuss the optoelectronic properties of black phosphorus. 
We focus on the colossal UV photoresponsivity and anisotropy photoconductivity of 
this material and discuss the mechanism. 
Chapter 7: In this chapter, I summarize the experimental work presented in this thesis 

















Chapter 2 Basic Concepts and Theory 
 
2.1 Thermal transport 
2.1.1 Fourier’s Law 
The law of heat conduction in bulk materials is governed by Fourier’s Law, which is 
summarized by Fourier in 1822. The rate of heat transfer depends on the temperature 
gradient and the thermal conductivity of the material. The differential form of 
Fourier’s Law can be described as13: 
ܬ ൌ െߢ׏ܶ																																																													ሺ2.1ሻ 
In the formula, J is the local heat flux, ׏ܶ is the temperature gradient and κ is 
thermal conductivity. The thermal conductivity κ here is an intrinsic parameter of the 
materials and is usually size and geometry independent. Over the past 200 years, 
Fourier’s law, as the basic rate equation of the conduction process, has been 
successfully employed to describe most of the thermal conduction problems when 
combined with the principle of conservation of energy. 
However, as the development of the modern nanotechnology, the availability of 
low-dimensional nanometer size materials brings big challenge to Fourier’s Law. 
When the sample geometry is comparable to the carrier mean-free-path of this 
material or the heat conduction time is smaller than the relaxation time of the system, 
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Fourier’s Law shows its limit in such non equilibrium systems5. Moreover, the carrier 
mean-free-path will significantly increase as the temperature decrease. Hence, the 
Fourier’s law even breaks down at low temperature in nanodevices6,14. 
 
2.1.2 Heat transport in metal and Wiedemann-Franz Law 
Metals are good electrical and thermal conductors. The high thermal conductivity in 
metal is contributed from both electron and phonon. The thermal and electrical 
conductivities are proportional at given temperature. This behavior is described as the 
Wiedemann-Franz Law 15: 
ߢ
ߪ ൌ ܮܶ																																																													ሺ2.2ሻ 
Theoretically, the proportionality constant L, known as the Lorenz number, is equal 
to16: 





ଶ ൌ 2.44 ൈ 10ି଼	ܹΩܭିଶ																				ሺ2.3ሻ 
In 1853, Gustav Wiedemann and Rudolph Franz reported this phenomenon. They 
found that ߢ ߪ⁄  is approximately constant at the same temperature for different 
metals they tested. Later in 1872, this proportionality was discovered by Ludving 
Lorenz. Such relationship is due to the natural physics that the heat and electrical 
transport both involve the free electrons in the metal. 
 
2.1.3 Heat transport in non-metallic system: Phonon 
In non-metallic solids, heat transport is governed by lattice vibrations. The normal 
modes of the lattice vibrations based on the harmonic approximation of crystal 
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potential describe as phonons17. Therefore, the heat transport study of non-metallic 
system is actually based on the phonon transport. Phonons are treated as particles and 
fulfilled the Bose-Einstein distribution17: 
௣݂଴൫ܧ௣൯ ൌ 1
exp ൬ ܧ௣݇஻ܶ൰ െ 1
																																															ሺ2.4ሻ 
ܧ௣ ൌ ԰߱௣ is the phonon energy. Relationship between phonon wave vector k and 
frequencies ߱ is described by phonon dispersion. This relationship is very important 
in understanding thermal transport of the system. The thermodynamic properties of 
non-metallic system are directly dependent on its phonon structure and the phonon 
dispersion provides the phonon density of state and group velocity which determines 
the heat capacity of materials. 
Phonons stay in stationary states in perfect harmonic crystals. Therefore, the phonon 
distribution will carry the heat current and remain unaltered in the course of time once 
being established. A perfect harmonic crystal would have an infinite thermal 
conductivity since the heat current carried by phonon distribution would remain 
forever undegraded18. However in the real system, the lattice imperfection, impurities, 
isotopic inhomogeneities and geometry confinement will induce the scattering of 
phonon which help to degrade heat current to make the thermal conductivity not 
infinite18. 
After combine the contribution from various scattering mechanisms, the thermal 





Here, ܿ௩,௣  is the specific heat capacity, ࢛௣ is the group velocity and ߬௣ is the 




2.2.1 Thermoelectric Effect 
In 1821, Thomas Johann Seebeck found that the heat gradient applied on the materials 
can induce a voltage difference across them. At a microscopic level, the applied 
temperature gradient causes electrons in the material to diffuse from the hot side to 
the cold side. And also the chemical potential of the electron will be modified by this 
temperature gradient. This variation in chemical potential will change the 
concentration of electrons along the temperature gradient which also makes the 
contribution of the electron diffusive. The term “thermoelectric effect” encompasses 
three separately identified effects: the Seebeck effect, Peltier effect and Thomson 
effect20. 
Seebeck effect: As shown in Figure 2.1, two different materials connected together to 
form a closed loop. With a temperature difference between the junctions, an electrical 
current will be established in the loop in the same time with the heat current. The 
seebeck effect is a classic example of an electromotive force which induces the 
electrical currents or voltages. Seebeck effect can be described as S=-VTEP/ᇞT, where 
S, VTEP and ᇞT is the Seebeck coefficient and also called thermopower, thermoelectric 
voltage and temperature difference respectively. From the formula, we can find that 
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the larger Seebeck coefficient will give larger voltage difference at the same 
temperature change.  
 
Figure 2. 1: Seebeck effect. 
 
Peltier effect: When a current flow through a junction between two different 
materials, heat may be generated or removed (which dependent on the intrinsic 
properties of these two materials) from the junction (Figure 2.2). The heat current is 
proportional to the electrical current, which means when the electrical current is 
reversed the heat current will also be reversed. This makes the Peltier heat different 
from the Joule heating induced by electrical current. Peltier effect can be describes 
as	 ሶܳ ൌ ሺΠ஺ െ Π஻ሻܫ, where	 ሶܳ ,	Π஺ , Π஺  and I is the heat generated per unit time, 
Peltier coefficient of two different materials and electrical current. 
 
Figure 2. 2: Peltier effect. 
 
Thomson effect: The previously two effects happened in two different materials. 
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However, the Seebeck coefficient in many materials will change with temperature. 
This means in the same material, temperature gradient will induce a gradient in 
Seebeck coefficient. Hence, a continuous Peltier effect will occur when a current flow 






This was summarized by William Thomson, and become the basic formula for 
thermoelectric. The first term is Joule heating and the second term is Thomson heat, 
ߤ	is Thomson coefficient. 
 
Figure 2. 3: Thomson effect. 
 
In 1854, Lord Kelvin found the relationships between these three effects20: 
ቊߤ ൌ
்ௗௌ
ௗ்Π ൌ ܶܵ                              (2.7) 
From this relationship, we can calculate other coefficient from one of them. For 
example, if we know the Thomson coefficient, we can get the Seebeck coefficient 
from: 
ܵሺܶሻ െ ܵሺ0ሻ ൌ ׬ ఓ்
்
଴ ݀ܶ                      (2.8) 
 
2.2.2 Thermoelectric transport in materials 
Although thermoelectric effect was discovered long time ago, the systematic theory 
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study was started in 20th century.  
Thermoelectric transport in metal: In metals, if we assume each atom provide one 
free electron; we can get the Thomson coefficient from the classical dynamic theory 
and Maxwellian distribution: 





Ce is the specific heat of electrons. From this equation, we can find that it gives a 
constant value for all metals which is around 130	ߤV/K. However, the experiment 
results shows different metals actually give different Thomson coefficient. According 
to the quantum theory, only the electrons near Fermi surface will contribute to the 







T0 is the Fermi temperature. This formula gives a proportional relationship with 
temperature but still cannot explain the experiment results. The reason is that 
electrons are treated as rigid particles in metal and all the scatterings are assumed to 
be elastic. However, in real system, the scattering also include inelastic scattering and 
the temperature gradient in the material will also induce phonons. The phonon will 
flow and react with electron through inelastic scattering which is called phonon-drag 
effect. This was summarized by L. Gurevich21,22. The contribution to the thermopower 




ܥ௚	is the specific heat of unit volume lattice, N is density of charge carriers and ߙ is 
the transfer factor which describe the change of phonon-electron scattering, 
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0 ൏ ߙ ൏ 1. After combination of various scatterings, the Seebeck coefficient in metal 

















ଶ ଷൗ  is the Fermi energy at T=0 K, n(E) is the density of state, ߬	is 
the relaxation time and ݒଶ	is the electron mean square speed. Noted that	ߪሺܧሻ ൌ











For metal, the phonon-electron scattering is much lower in room temperature. The 
number of phonons will increase rapidly as temperature increase, the phonon-phonon 
scattering will dominate the system and the electron-phonon scattering is negligible. 
For most of metals, the phonon-drag effect will disappear in room or higher 
temperature. From Mott formula, we can see that the sign of thermopower is not only 
dependent on the charge carrier but also the sign of ln	ߪሺܧሻ. This means thermopower 
is very sensitive to the location of Fermi surface and band structure of the materials. 
Thermoelectric transport in semiconductor: The thermoelectric in semiconductor 
is much different from the case in metal. The carrier density is much lower in 
semiconductor and will increase rapidly with the temperature which assumed to be 
constant in metal. For intrinsic semiconductor, the relationship between carrier 
density and temperature is ܰ ∝ exp ቀെ ௎௞்ቁ,	U is the bandgap here. So the formula 2.9 
can be amended as20: 
 
35 











In semiconductor, the contribution from phonon-drag effect is much larger than in 
metal due to the low carrier density (formula 2.11). In metals, the contribution from 
phonon-drag effect in under 10 	ߤV/K . This value can increase to mV/K in 
semiconductors. The low carrier density makes Maxwellian distribution better than 
the Fermi-Dirac distribution. Formula 2.12 can be revised as: 







Here	 క௞் ൌ ln	ሺ
ଵ
ଶ݄ܰଷሺ2ߨ݉݇ܶሻ
ିଷ ଶൗ ሻ, N is the carrier density. This formula gives the S 
value from 3k/e to 10k/e, which can goes to mV/K range.  
Umklapp scattering: The phonon-electron scattering has two kinds of interaction: 
normal process and Umklapp process20. If an electron jumps from the initial state k to 
another state k’ and emit phonon with energy	԰ݒ. The lattice wave vector is q. From 
the momentum conversation and the period boundary condition: 
࢑ െ ࢑ᇱ െ ࢗ ൌ ܏																																																		ሺ2.16ሻ 
g here is the reciprocal lattice vector. If ܏ ൌ ૙,	is the normal process phonon-electron 
scattering. As shown in Figure 2.4, the scattering occurs in one Brillouin zone as we 
discussed previous. In this process, q is parallel with	Δ࢑ ൌ ࢑૛ െ ࢑૚, that means the 
phonon and electron travels in the same direction. The normal process 




Figure 2. 4: Normal process. 
 
The Umklapp process happens when	܏ ് ૙, in this case the scattering occurs in 
different Brillouin zones (Figure 2.5). Umklapp process occurs in all phonon 
scatterings including phonon-phonon scattering. From the physic point of view, this 
means the electron-phonon scattering also engage Bragg reflection and the wave 
vector change 	܏ . Umklapp process has significant influence on the Seebeck 
coefficient. ܏  usually is a very large vector so that q would be antiparallel 
with	Δ࢑ ൌ ࢑૝ െ ࢑૜ , that means the phonon and electron travels in the opposite 
direction and gives a very large (due to larger	Δ࢑) positive phonon-drag contribution 
Sg. 
 
Figure 2. 5: Umklapp process. 
 
The contribution for Seebeck coefficient from phonon-drag effect is the combination 
of these two processes. From formula 2.16 we can see that the Umklapp process has 
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close relationship with the reciprocal lattice vector. This process is very sensitive to 
lattice structure and also the Fermi surface. The normal process can happens when q 
is very small, however the Umklapp process only happens when q൏qmin. qmin is as 
twice as the distance from Fermi surface to the edge of the nearest Brillouin zone. 
Hence, Umklapp process usually happens at relative high temperature. 
 
2.2.3 Efficiency and applications 
The direct conversion between heat and electricity in thermoelectric materials is 
considered to be a promising route for power generation to solve the energy shortage 
problem. However, the performance of most thermoelectric materials is not good 
enough for applications due to the low efficient. The quest for highly efficient 
thermoelectric materials has attracted much attention in material science. The 





Where S, ߪ	and ߢ is the Seebeck coefficient, electrical conductivity and thermal 
conductivity respectively. In thermoelectric devices, the efficiency ߟ  can be 
calculated from1: 
ߟ ൌ ߟ௖
ඥ1 ൅ ܼ തܶ െ 1
ඥ1 ൅ ܼ തܶ ൅ ஼ܶ ுܶ⁄
																																									ሺ2.18ሻ 
Where ஼ܶ  and ுܶ  is the temperature of the cold side and hot side, 




From equation 2.17, we can find that large ZT requires high electron conductivity, 
Seebeck coefficient and low thermal conductivity. However, from the previous 
discussion we know that the lower carrier concentration will give higher Seebeck 
coefficient. On the other hand, the electrical conductivity is proportional to the carrier 
concentration. Such opposite trend of Seebeck coefficient and electrical conductivity 
respect to carrier concentration makes it big challenge for finding high efficiency 
thermoelectric materials. Figure 2.6 gives typical thermoelectric devices for both 
cooling and power generation. 
 
Figure 2. 6: Typical thermoelectric devices for both cooling and power generation [ref. 1]. 
 
2.3 Photoelectric 
2.3.1 Phototransistors and photodiodes 
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Most of the photoresponse mechanism studies are based on the phototransistors and 
photodiodes. In the phototransistors, the materials acting as a conducting channel as 
shown in Figure 2.7. The applied bias is required to separate the photogenerated 
charge carriers. The photoresponse is characterized by photoconductivity changing 
under illuminance. The photoransistor has been widely used in photodetector 
applications.  
 
Figure 2. 7: Illustration for phototransistors. 
 
In photodiodes, the photogenerated charge carriers can be efficiently separated by the 
built-in electric fields induced by the junctions25, 26, 27. This means the external bias is 
no longer need in the photodiodes. As shown in Figure 2.8, the exited charge carriers 
will be separated by the junction can generate a potential difference in the both side of 
materials, which is known as photovoltaic. The solar cells are based on the 




Figure 2. 8: Illustration for photodiodes. 
 
2.4 Graphene and the 2D materials 
2.4.1 Graphene 
Graphene is the name given to the monolayer 2D honeycomb lattice formed by 
carbon atoms. Graphene was believed unable to exist in nature due to the 
thermodynamically unstable for this single layer material28, 29. However, since 
graphene was first discovered experimentally in 200430, this strictly 2D material 
exhibits dramatically high crystal, electronic and thermal quality which revolutionized 
the condensed matter physics. Graphene is the thinnest however the strongest material 
in the universe, it is a zero bandgap semiconductor and have zero effective mass31. 
The giant intrinsic mobility and micrometer range mean-free-path of charge carrier 
make graphene a wonder material and led to versatile novel nanoscale device 
applications. Limited by the topic of this thesis, I will only introduce thermal property 
of graphene. 
Carbon is the only element which can form sp, sp2 and sp3 hybrid covalent bond. Due 
to the strong covalent bond between carbon atoms, many of the carbon allotropes 
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exhibit excellent thermal transport property. In graphene, the in-plane covalent sp2 
bonds between adjacent atoms are the strongest in nature32. Figure 2.9 is the 
illustration of the typical ABAB stacking graphite crystal.  
 
Figure 2. 9: Schematic of the atomic arrangement in graphene sheets. Dashed lines in the 
bottom sheet represent the outline of the unit cell. [ref. 32] 
 
As the dashed lines shown in Figure 2.9, each graphene unite cell contains 2 carbon 
atoms. The crystal structure gives graphene three acoustic and three optical phonon 
modes. The dispersion relationship between phonon energy and the wave vector is 
shown in Figure 2.10. Longitudinal (L) modes and transverses (T) modes correspond 
to atomic displacements along and perpendicular to the wave propagation direction. 
Due to the unique 2D nature of graphene, graphene also has flexural (Z) phonons 




Figure 2. 10: Calculation and experimental result of graphene phonon dispersion along 
the Γ -to- M crystallographic direction. Lines show numerical calculations; symbols represent 
experimental data. LA, longitudinal acoustic; TA, transverse acoustic; ZA, out-of-plane 
acoustic; LO, longitudinal optical; TO, transverse optical; ZO, out-of-plane optical. [ref. 32] 
 
From Figure 2.10, we can see the longitudinal acoustic modes and the transverse 
acoustic modes have linear dispersions at low wave vector near the center of the 
Brillouin zone. The flexural modes have an approximately quadratic dispersion32. Due 
to the strong in-plane sp2 bonds, the in-plane thermal conductivity of free suspended 
graphene at room temperature is the highest known material which is around 
2000~4000 Wm-1K-1 12, 33, 34, 35, 36, 37. However, the thermal conductivity decreases 
significantly when graphene is in contract with a substrate. The thermal conductivity 
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of graphene on SiO2 substrate was measured as ~600 Wm-1K-1 at room temperature 38. 
This is because of the coupling and scattering of graphene phonons with substrate 
vibrational modes38. For experiment thermal conductivity measurement, any 
additional disorder or residue from the sample fabrication will introduce more phonon 
scattering like the substrate39. Such additional phonon scattering will lower the 
thermal conductivity of graphene compare to its intrinsic value. In order to study the 




The weak van der Waals interaction in layered structure crystal makes it possible to 
exfoliate atomically thin layers from bulk material. Due to the ability to obtain 
monolayer graphene, the growing understanding of 2D materials have led to a whole 
new range of atomically thick materials such as TMDCs. Due to the existence in 
nature as molybdenite, MoS2 has been one of the most studied TMDCs40, 41. 
As shown in Figure 2.11, each layer of MoS2 has a plane of hexagonally arranged 
molybdenum atoms and two planes of hexagonally arranged sulfur atoms to form a 
sandwich structure with the covalently bonded S-Mo-S atoms. The thickness of 




Figure 2. 11: Schematic of three-dimensional MoS2 crystal structure. [ref. 40] 
 
Compare with graphene, bulk MoS2 is an indirect bandgap semiconductor with 
bandgap of 1.2 eV and monolayer is a direct gap semiconductor with a bandgap of 1.8 
eV. The presence of bandgap is essential for many practical applications like 
high-performance field-effect transistors (FETs). Is has been demonstrated that the 
on/off ratio of MoS2 based FETs can reach 108 with ultralow standby power 
dissipation 40. Due to the absence of direct bandgap, monolayer MoS2 has attracted 
much attention in condensed matter physics. The high absorption coefficient and 
efficient electron-hole pair generation under photo-excitation makes MoS2 a potential 
material in in optoelectronic applications. Ultra-high photoresponsivity up to 880A/W 
was observed in monolayer MoS2 based phototransistors9. Recently, Buscema et. al 
studied the photothermoelectric properties of mechanically exfoliated MoS2 and 
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observed large thermopower in this material, evidencing its potential application on 
thermopower generation and waste heat harvesting42. 
 
2.4.3 Black Phosphorus 
Black phosphorus atom is connected to three adjacent phosphorus atoms and form to 
a stable ring structure like graphene and the thickness of monolayer black phosphorus 
is ~0.5 nm(Figure 2.12)43, the puckered crystal structure has break the symmetry and 
resulting in a unique in-plane anisotropy property44. Black phosphorus is also a direct 
bandgap as monolayer MoS2. Moreover, black phosphorus is a layer-dependent direct 
band gap semiconductor with the energy gaps predicted to increase from ~0.3 eV for 
bulk to 2 eV for single layer. Compare with MoS2, Thin flake black phosphorus shows 
much higher mobility up to 1000 cm2V-1s-1. The excellent property of this emerging 
material has gained much attention in the scientific community. 
 




Chapter 3 Experimental Techniques 
 
In this chapter, I will introduce the details of the device fabrication and 
characterization techniques used in the experiment. Graphene and other 2D crystals 
are produced by mechanical exfoliation and chemical vapor deposition (CVD) growth 
techniques. Optical microscopy, Raman spectroscopy and Atomic force microscopy 
(AFM) are utilized for initial characterization of the 2D crystals’ quality. Electron 
beam lithography and thermal evaporation techniques are employed to make contacts 
and thermometers for further electrical and thermal measurements. At last, the details 
of our measurements set-ups and methods of thermal conductivity, thermoelectricity 
and photoresponsivity also discussed in this chapter. 
 
3.1 Preparation of 2D crystals 
3.1.1 Mechanical Exfoliation 
Since graphene has discovered by A. Geim’s in 200430, the mechanical exfoliation 
they used has been proved to be the most effective method of extracting graphene 
from graphite flakes. Graphite is a layered structure which the interlayers are weakly 
coupled by van der Waals interaction. Due to this weak coupling, single layer 
graphene can be isolated by repeating ‘peeling off’ of graphite flakes using Scotch 
tapes. 
The same method was employed to achieve single layer graphene in our experiments. 
A small piece of highly oriented pyrolytic graphite (HOPG) was first put onto a 
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Scotch tape. And then fold the Scotch tape so that both sides of HOPG were stick on 
the adhesive side of the tape. Slowly peeled the tape, we can found almost the same 
size and geometry of graphite flake appealed at both side of the tape. Repeat the 
‘peeling off’ step on the clean region of Scotch tape until we obtained fairly thin layer 
graphite. After this, the graphite flakes on Scotch tape was attached on the Si 
substrate coated with 300 nm SiO2 layer. The Si/SiO2 substrate was exposed to short 
oxygen plasma treatment before the transfer to have cleaner interface. Pressing the 
tape can develop the surface conformation between the graphite flakes and the 
substrate which helps obtain more graphene flakes. At last, the tape was slowly 
peeled from Si/SiO2 substrate. (Figure 3.1) Since the van de Waals interaction 
between graphene and SiO2 is stronger than the one between graphene layers. After 
peeling the tape from the substrate, the graphene films were left on the SiO2 surface. 
 
Figure 3. 1: Mechanical exfoliation of graphene. 
 
The thickness dependent optical contrast of graphene on Si/SiO2 substrate45 makes it 
is very easy to identify the location and layer numbers of graphene under optical 
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microscopy (Figure 3.2 (a)). By utilize the same mechanical exfoliation method, a lot 
of layered structure crystals were isolated to single layer after graphene like Boron 
Nitride (BN), MoS2, WS2 and black phosphorus. 
 
Figure 3. 2: The optical image of exfoliated 2D crystals on 300 nm SiO2/Si substrate: 
Graphene (a), MoS2 (b) and Black phosphorus (c). The scale bars in each image is 20 m. 
 
3.1.2 CVD grown graphene and MoS2 
Mechanical exfoliation method can provide high crystalline 2D crystals, however the 
size of the single layer crystals is around few tens of micrometer on average and the 
yield is very low46. This is good enough for research purpose. But for industry 
applications like transparent conducting electrodes for touch screen panels, solar cells, 
and photo detector, large scale 2D material is required for further applications. CVD 
growth method was employed to synthesis large area single layer graphene46,47 and 
other 2D materials48. The growth details of two CVD crystals used in this thesis are 
described as following: 
CVD Graphene: Single layer graphene was grown on Cu foil in a quartz tube placed 
in a thermal furnace. Before the CVD growth, the Cu foil was annealed around 
1,000 °C in hydrogen environment to clean it up and also, during the annealing 
process, the grain size of the Cu would also increase to get higher quality graphene. 
After anneal, the hydrocarbon (e.g. methane (CH4) and hydrogen (H2)) are flowed 
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into the quartz tube. CH4 can provide carbon sources after reduced by H2 at high 
temperature. The temperature, flow rate and grown time need to be controlled 
precisely to synthesis high quality graphene. Finally, the sample was gradually cooled 
down to room temperature in hydrogen environment. It has been proved that this 
method can provide CVD graphene with single layer coverage up to 95%47. 
After growth, graphene on Cu substrates was transferred onto another clean Si/SiO2 
chip. ~400 nm PMMA (A5 950K) was spin coated on one side of the graphene film 
grown on Cu. This PMMA layer was used as a protection layer in the plasma etching 
process (oxygen and argon plasma) to remove the graphene film grown on backside 
of Cu and also used as supporting layer for the later transfer. After removed backside 
graphene, the sample was placed into 0.7% wt of ammonia persulphate solution to 
etch the Cu substrates. Few clean steps in DI water followed the etching before we 
transferred the Graphene on to new substrates. PMMA with graphene was scooped 
from DI water by another clean Si/SiO2 chip, dry up the new sample at 70 °C, then 






Figure 3. 3: Optical image of CVD grown single layer graphene and bilayer graphene 
flowers after transferred onto a 300 nm SiO2/Si substrate. The scale bar is 20 m. 
 
CVD MoS2: Single layers of MoS2 were grown by CVD in a furnace (MTI) from 
MoO3 (Alfa Aesar) and S (Sigma Aldrich) precursors49. The Si/SiO2 growth 
substrates were cleaned by sonication in Acetone and IPA for 15-20min and then 
immersed in piranha solution (1:3 mixtures of H2O2 and H2SO4) for 2hrs before the 
growth was performed. 14mg of MoO3 was spread uniformly over 2-3cm in an 
alumina crucible and Si/SiO2 growth substrates were places upside down on the 
crucible. Sulfur powder was placed upstream in 30sccm of nitrogen gas flow. After 
placing the precursors in the furnace, the quartz tube was evacuated to 10-4 mbar and 
then flushed with nitrogen to remove the contamination from atmospheric gases. The 
quartz tube was initially heated to 105°C in 5min and held at that temperature for 
30min to remove the moisture and then heated to 555°C in 30min, 700°C in 10min, 
held at 700°C for 5min and cooled down naturally to room temperature without any 
feedback. 
CVD MoS2 films were transferred to another clean Si/SiO2 chip before measurements. 
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~400 nm PMMA (A5 950K) was spin coated on the top of the CVD MoS2. This 
PMMA layer was used as a supporting layer for the MoS2 transfer. After spin coating, 
the chip with MoS2 was putted into a KOH solvent to etch away the SiO2 layer. After 
the etching process, the PMMA layer will floats on the top of the solvent. At the same 
time, MoS2 also leaves the grown substrate and float with the PMMA. Few clean 
steps in DI water followed the etching before we transferred the MoS2 on to new 
substrates. PMMA with MoS2 was scooped from DI water by another clean Si/SiO2 
chip, dry up the new sample at 70 °C, then bake at 180 °C on the hot plate for 2 
minutes. The PMMA layer was washed away by acetone later. 
 
Figure 3. 4: Optical image of CVD grown single layer MoS2 after transferred onto a 300 nm 
SiO2/Si substrate. The scale bar is 20 m. 
 
3.2 Sample characterization 
3.2.1 Raman characterization 
After selected the 2D crystals by using optical microscopy, Raman spectroscopy was 
employed to further characterize the quality of the materials. The incident laser 
interacts with the molecular vibrations; phonons which allow us observe the 
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vibrational, rotational and other low-frequency modes in the materials. Due to this 
non-contact characterization method has been used to study and characterize 2D 
materials. The Raman spectroscopy gives detailed information about layer numbers 
of the sample, doping level, defects, strain in the sample50 and also the crystalline 
orientation. 
Graphene Raman spectrum: A typical Raman signal of single layer graphene shows 
two main peaks, the G peak at 1580 cm-1 and 2D peak at 2680 cm-1. The intensity and 
position of these two peaks provide the information about the quality of graphene. 
Figure 3.5 (a) and (b) is the Raman spectrum of single layer and bilayer graphene. 
After compare the two results, we can find the intensity ratio of 2D/G is much larger 
in single layer graphene. And the full width half maxima (FWHM) of the 2D peak is 
the key result to determine the number of layers51. For single layer and bilayer 
graphene, the FWHM is around 23 cm-1 and 56 cm-1. The doping level and strain in 
graphene can be calculated from the location shift of these peaks. 
  




MoS2 Raman Spectrum: Raman spectrum of MoS2 also has been studied 
systematically52. The in-plane vibrational mode (E12g) and the out-of-plane vibrational 
mode (A1g) of MoS2 show two distinguish peaks located around 380 cm-1 and 400 
cm-1 in the Raman spectrum. The frequency difference between the two most 
prominent peaks can be used as a direct proof of layer number of MoS252. For 
exfoliated single layer MoS2, the distance between E12g and A1g is 19 cm-1. This value 
increase to 25 cm-1 as the MoS2 layer reach to 5 layers and it saturated when the 
layers more than 5. 
 
Figure 3. 6: Raman spectrum for single layer MoS2 (a) and thick MoS2 (b). 
 
Black phosphorus Raman spectrum: The Raman spectrum of few-layered black 
phosphorus on silicon substrate is shown on Figure 3.7 (a). It is represented by 
several prominent peaks around ~360 cm-1, 440 cm-1, 470 cm-1 and 520 cm-1. The 
latter peak corresponds to the silicon substrate, while the first three peaks are due to 
the vibrational modes of black phosphorus crystal lattice53, namely A1g, B2g and A2g, 
respectively. The intensity of these three peaks will change as the crystal orientation 
changes. Then intensity of the A1g and A2g modes is much lower along the direction of 
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the black phosphorus zigzag ridges than along the perpendicular direction. Figure 3.7 
(b) shows the A2g/ A1g values change as the crystal orientation relative to the 
polarization angle of the laser. The 180 degree symmetric results also confirmed with 
the crystal structure of black phosphorus. 
 
Figure 3. 7: Raman spectrum for few-layered black phosphorus (a) and A2g/ A1g values 
change as the crystal orientation relative to the polarization angle of the laser (b). 
 
3.2.2 Atomic Force Microscopy 
For most of the 2D crystals, the studies are done on different kind of substrates. So 
there is actually only one free surface for the 2D crystals. These thin atomic layer 
materials can easily conforms to any substrate on which they sit and hence the 
roughness and cleanness of the substrate is quite important for getting high quality 
samples. Atomic force microscopy (AFM) is a very useful tool for characterize the 
surface morphology and also the layer number of 2D crystals54. In our experiments, 




Figure 3. 8: AFM of graphene ribbon. 
 
3.3 Device Fabrication 
3.3.1 Electron beam lithography  
In order to study the properties of micrometer range materials, fine structure contacts 
down to submicron size is required. This makes electron beam lithography (EBL) one 
of the most important techniques to micro and nano-device fabrications55. Compare to 
photons, high energy electrons have much smaller wavelength. This gives EBL much 
higher resolution than optical lithography. 
In the EBL system, electrons with energy ranging from 10 keV to 100 keV impinge 
on the designed area of the sample protected by a polymer resist. The path of the 
e-beam can be well controlled by the predefined design which patterned the contacts 
geometry for sample measurements. Figure 3.9 shows the operation principle of EBL. 
In the beginning, a thin layer of polymer resist was spin coated on the surface of our 
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sample. EBL was used to pattern the sample as the predefined design. The properties 
of polymer resist would change after the e-beam exposure56. For positive resist, it 
becomes soluble in specific developing solution. This means the exposed region of 
the resist can be removed by this developing solution. While the negative resist 
behaves the opposite way, the unexposed region will be removed after the 
development. In this thesis, the FEI Nova NanoSEM 230 scanning electron 
microscope (SEM) is used to carry out all the EBL works. We use PMMA and HSQ 
as the positive and negative resist. The developer of PMMA is Methyl isobutyl ketone 




Figure 3. 9: The illustration of standard EBL patterning on both positive and negative resist. 
 
 
3.3.2 Recipe for device fabrication 
For different experiments, the device fabrication steps also change to meet the 
requirements. But the main steps are similar for all the experiments discussed in this 
thesis. In the following, the details of the main steps for the device fabrication are 
listed. The fabrication is started form the 2D crystals on SiO2/Si substrate which 
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prepare in the section 3.1. 
 
1. Determining the location of the crystals: In order to put the contacts on the 
2D crystal for later experiment measurements, we need to find its precise 
location on the substrate. Here, we introduced alignment markers around the 
2D crystal samples to determine the location. The sample was first spin 
coated with two layers of positive resist PMMA. PMMA A3-495K is the first 
layer, later covered by PMMA A5 950K. The reason we are using two layers 
of PMMA is that small molecular weights (MW) PMMA will dissolve faster 
in a solvent developer and it leave less polymer reduces, but high MW 
PMMA provides high resolution. After the spin coating, an array of markers 
is written on the PMMA. Form the optical image of the developed sample, 
we can clearly identify the crystal location relative to the patterned markers 
as shown in Figure 3.10. 
 
Figure 3. 10: The alignment marker pattern in Design CAD file (a) and the optical image of 
graphene surrounded by markers. 
2. Etch mask and electrode patterning: Once the alignment markers are 
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written, different magnifications of optical image of the sample are loaded 
back to Design CAD for further patterning. For some of the experiments 
which need to pattern the 2D crystal into specific geometry, an etch mask 
need to be written to protect the crystal while etching process. For graphene, 
O2 plasma is a sufficient etching method57. But for some other 2D crystals 
like MoS2 and black phosphorus which is quite stable in O2 plasma, we need 
more specific method to etch the crystals. After etching, the PMMA mask is 
removed by acetone and we need to redo the first step for the electrode 
patterning. 
3. Thermal evaporation: Metal electrodes are deposited on the sample after 
the EBL treatment. The remaining PMMA used as the mask for the 
deposition. In this thesis, chromium (Cr) and gold (Au) electrodes are formed 
in high vacuum condition (~10-7 Torr) via a thermal evaporator. The thin Cr 
layer here is act as a capping layer to ensure the Au films attached well on 
the crystal and substrate58. Titanium (Ti) is another capping layer used in our 
experiment to get better contact with some of the crystal due to the match of 
work function59. 
4. Electrode liftoff: After the thermal evaporation, the sample is dipped into 
acetone for few hours liftoff. The PMMA mask will dissolve in the acetone 
and also lift the deposited metal film on the top (shown in figure 3.11). The 




Figure 3. 11: (a) and (b) is the illustration of thermal evaporation and liftoff. Picture (c) 
shows the electrode pattern after EBL and (d) is the final device after liftoff. 
 
 
3.4 Measurement set-ups and device characterization 
3.4.1 Variable temperature insert system 
Temperature is a very critical parameter for low dimensional material studies. In this 
thesis, Cryogenic cryostat and Physical property measurement system (PPMS) 
MODEL 6000 (shown in figure 3.12) are both used for controlling the environment 
temperature for the experiments. The base temperature of the system can reaches as 




Figure 3. 12: Optical image of the two VTI systems: Cryogenic cryostat (a) and Physical 
property measurement system (PPMS) MODEL 6000 (b). 
 
The sample was glued onto a LCC 44 pins chip carrier with silver paste. Aluminum 
wire is used for wire bonding to get contact to the sample. Then, the sample is 
mounted in a vacuum probe with heater and temperature sensor inside (Figure 3.13). 
This probe can be inserted into the VTI system for precise temperature control. The 
cooling power of the system is provided by the pulse-tube refrigerator cold head. 
 




3.4.2 Electrical measurements 
Standard lock-in techniques is used to perform the AC charge transport measurement. 
This technique can extract the signal with specific frequency under the noisy 
environment which provides high precision measurement in our experiments. Figure 
3.14 (a) shows the four terminal AC measurements in our experiment. A sinusoidal 
signal with fixed frequency is sent out from the lock-in amplifier (SR 830) through 
source and drain electrode, and the potential difference is measured by the electrodes 
contacted to the A and B input of the lock-in. The back gate is applied by the Keithley 
sourcemeter 6430 through the 300 nm SiO2 dielectric layer of the substrate. 
 
Figure 3. 14: Schematics showing the measurement set-ups for AC (a) and DC (b) transport 
measurements. 
 
For DC transport measurement, The Keithley sourcemeter 6430 also can be used as 
DC source meter for the transfer curve characterization and conductance 




3.4.3 Thermal conductivity measurement using thermal bridge 
method 
In this thesis, we used the thermal bridge method which is quite similar with those 
reported by many other groups60. The thermal circuit of our device is shown in figure 
3.15. The whole device was loaded in to the VTI system to do the measurements in a 
high vacuum environment (~10-6 mbar). 
 
Figure 3. 15: Schematic of the thermal circuit of the experimental set-up. 
 
The pre-patterned heating and sensing membrane was suspended on the substrate 
through the ten beams. The sample was also suspended between two membranes like 
a bridge which conducting the heat from the heating to the sensing membrane. Four 
probe resistance measurements were performed for the two membranes while swept 
the environment temperature. From the mapping of the resistance as temperature 
change data, we can extract the exact temperature of the two membranes. A A-DC 
current (Ih) was applied to the heater resistor (Rh) to generated Joule heat: 
ܳ ൌ ܳ௛ ൅ 2ܳ௟ ൌ ܫ௛ଶܴ௛ ൅ 2ܫ௛ଶܴ௟																																								ሺ3.1ሻ 
Where Ql is the heat generated by each of the supporting beams of the heating 
 
64 
membrane and Rl is the resistance of each beam. The Joule heating increased the 
temperature of the heating membrane to Th from the environment temperature T0. The 
temperature of the sensing membrane also raised to Ts due the heat (Q2) conducted 
from the heating membrane through the sample. This amount of heater is further 
flowed into the environment through the supporting beams of the sensing membrane. 
For the heating membrane, part of the heat (Q1) also would conduct into the 
environment through the supporting beams. The thermal conductance of our sample 
and the five supporting beams of each membrane are Gs and Gb. The radiation heat 
losses from the whole device in high vacuum probe can be negligible compared to the 
heat flow through the sample and supporting beams. According to the conservation 
from the thermal circuit, we can get: 
ܳ ൌ ܳଶ ൅ ܳଵ ൌ ܩ௦ ∙ ሺ∆ ௛ܶ െ ∆ ௦ܶሻ ൅ ܩ௕ ∙ ∆ ௛ܶ																																ሺ3.2ሻ 
ܳଶ ൌ ܩ௦ ∙ ሺ∆ ௛ܶ െ ∆ ௦ܶሻ ൌ ܩ௕ ∙ ∆ ௦ܶ																																								ሺ3.3ሻ 
ΔTh andΔTs is the temperature difference between the two membrane and the 
environment. From equation 3.1 to 3.2, we can obtain: 
ܩ௕ ൌ ܳ௛ ൅ ܳ௟∆ ௛ܶ ൅ ∆ ௦ܶ ൌ
ܫ௛ଶሺܴ௛ ൅ ܴ௟ሻ
∆ ௛ܶ ൅ ∆ ௦ܶ 																																							ሺ3.4ሻ 
and 
ܩ௦ ൌ ܩ௕ ∆ ௦ܶ∆ ௛ܶ െ ∆ ௦ܶ ൌ
ܫ௛ଶሺܴ௛ ൅ ܴ௟ሻ
∆ ௛ܶଶ െ ∆ ௦ܶଶ ∆ ௦ܶ																																	ሺ3.5ሻ 
 
3.4.4 Thermoelectric measurement 
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A schematic layout of our thermoelectric measurement is shown in figure 3.16. This 
standard nanofabricated device geometry has been widely used in thermoelectric 
power (TEP) studies in low dimensional system like Nanowires61,62,63,64 and 
graphene65, 66. The device consists of a heater and two local thermometers (Rhot and 
Rcold). TEP measurements are carried out using a low-frequency Lock-in setup. An 
AC-current Iheater with the frequency  is driven through the heater to create a heat 
gradient over the sample by Joule heating. The heating power is given by 
P=Iheater2Rheater, in which Rheater is the resistance of the heater electrode, and the 
frequency of the heat gradient △T induced by the heating current is 2 accordingly. 
The resulting 2 TEP voltage drop, VTEP, is measured between the two thermometer 
electrodes (Rhot and Rcold). The heat gradient △T across the relevant area is 
determined by probing the four-probe resistances of the two thermometers Rhot and 
Rcold. The TEP of the sample is then given by the Seebeck coefficient S=-△VTEP/△T. 
 
Figure 3. 16: Schematic of the thermoelectric measurement. 
 
3.4.5 Photo-response measurement 
The photo-response experiment is performed by a two terminal optoelectronic 
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measurement at room temperature under high vacuum condition (~10-7 mbar). A DC 
bias is applied by Agilent B2912A sourcemeter. The current flow through the sample 
driven by the bias is also measured by this sourcemeter (Figure 3.17). The 
photo-response can be extracted from the light illumination induced 
photoconductivity change of the sample. The light source used throughout the 
experiments was supplied by high-intensity xenon light. By employed the 



















Heat energy is the most important power source for human civilization since the 
dawn of time. However, conventional fuels can no longer fulfilled the significant 
increasing demand for energy in the modern society. Searching for renewable energy 
to solve the energy shortage is becoming the biggest task in the world. Recently, 
thermoelectric has attracted much attention due to its ability to provide sustainable 
energy harvested from wasted heat. The heat gradient applied on the thermoelectric 
materials can induce electrical current through them. To increase the thermoelectric 
efficiency is the main quest in the field. We believe the study of the basic thermal 
transport mechanism behind the material is very important in the point of 
understanding the intrinsic properties of thermoelectric, and also helpful in the sense 
of heat management like heat dissipation for the scaling down devices in electronics 
industry. Thermal transport has already been studied for a long time. In bulk materials, 
heat conduction is governed by Fourier’s law:	ܬ ൌ െߢ׏ܶ, where J is the local heat 
flux, ׏ܶ is the temperature gradient, κ is thermal conductivity, which is an intrinsic 
parameter of the materials and is usually size and geometry independent. Over the 
past 200 years, Fourier’s law has been successfully employed to describe thermal 
conduction in three-dimensional (3D) systems. However, with the recent availability 
of low-dimensional materials it remains to verify whether thermal conductivity is still 
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size/geometry independent. For one-dimensional (1D) lattice models67, 68, 69, 70 and 
quasi-1D nanostructures and polymers71, 72, 73 a length dependence of κ as ~ Lβ (L is 
length) has been predicted theoretically and then experimentally verified for 
nanotubes. Recently, the same author demonstrated that κ in single wall carbon 
nanotubes does not converge even when L ~ 1mm with κ approaching 8000 Wm-1K-1 
14, 74. The same question remains open for 2D systems. While logarithmic divergence 
of the thermal conductivity has been demonstrated numerically for 2D lattice models 
68, 69, 75, 76, 77, 78, simulations of bi-dimensional materials such as graphene, give 
contradictory results, which depend on the employed simulation techniques and 
approximations 79, 80, 81, 82. Besides a recent experiment carried out on supported 
graphene nanoribbons83, in which size effects are dramatically reduced due to 
graphene-substrate interaction84, a compelling experimental investigation of 
length-dependent thermal conductivity in suspended graphene is still missing, 
probably due to the challenges in suspending single layer graphene (SLG) suitable for 
size-dependent thermal measurements. In this thesis, I addressed this extremely hard 
task and successfully demonstrated suspended SLG devices for thermal conductivity 
measurements. 
In this chapter, we performed the measurements of thermal conductance of suspended 
SLG grown by chemical vapor deposition on copper (Cu-CVD)47, 85 as a function of 
both temperature and sample length (L). Interestingly and in contrast to bulk materials, 
thermal conductivity (κ) increases with sample length and remains length-dependent 
with κ ~ logL at T = 300 K even for sample lengths much larger than the average 
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phonon mean free path (λph). This result is a consequence of the 2D nature of phonons 
in graphene and provides fundamental understanding into thermal transport in 2D 
materials. In this project, I was mainly focused on sample fabrication, which is the 
key challenge in this experiment. I successfully demonstrated a device fabrication 
process which used for thermal conductivity measurement of suspended single-layer 
graphene. 
 
4.2 Sample Fabrication 
We employed typical pre-patterned heater wires to measure thermal conductance of 
suspended single layer graphene (SLG) grown by chemical vapor deposition on 
copper (Cu-CVD)86, 87. Our device fabrication starts with SiNx membrane based 
heater structures (Figure 4.1) optimized for length dependent studies. To obtain high 
quality samples, the CVD graphene was grown by re-using the copper catalyst35, 
which in general results in better transport properties. In order to decrease the thermal 
contact resistance (Rc), SiNx wafer and Pt prepatterned electrodes were cleaned for an 
extended period of time (>10 minutes) in O2 plasma, followed by immediate CVD 
graphene transfer. This helps to clean organic residue on the Pt electrodes and create 
suspended chemical bonds, resulting in a further improvement of the thermal contact 




Figure 4. 1: Fabrication of single layer CVD graphene for thermal conductivity 
measurements. 
 
The graphene sheets were then patterned by standard electron beam lithography 
(EBL), followed by an O2 plasma step (Figure 4.1 (c)). In a second EBL step, 30 nm 
Cr/Au bars were deposited on both ends of the graphene stripes to ensure good 
thermal contact with the Pt electrodes underneath graphene (Figure 4.1 (d)). After 
suspending graphene by wet etching, the devices were dried using a critical point 
dryer to avoid damage due to surface tension. It worthy to note that we do not etch 
away all the silicon under SiNx pad (i.e. heater and sensor) but left few micrometers 
to few tens of micrometers thick silicon to act as a massive heat batch and make sure 
that heat spreads uniformly within the SiNx pad during thermal measurements. 
Graphene samples were annealed for 5 hours at 300°C in flowing hydrogen (H2: 150 




The length dependence of the thermal conductivity is studied by varying the channel 
length from 300 nm to 9 μm (Figure 4.2 (b)). Since the thermal conductivity is also 
weakly width dependent (see later discussion), we have kept the latter fixed at 1.5 μm. 
We define the direction of heat flow as length (L), and the perpendicular direction as 
width (W). 
 
Figure 4. 2: (a) False-color SEM image of the suspended device, which consists of two 25 × 
20 μm2 Pt/SiNx membranes. The red and blue Pt coils are the heater (Rh) and sensor (Rs), 
which are thermally connected by suspended graphene (grey sheet in the middle). The scale 
bar is 5 μm. (b) SiNx membranes based heater structures optimized for length dependent 
studies. The scale bar represents 20 μm. 
 
 
4.3 Length-dependent thermal conductivity in suspended 
single layer graphene 
Temperature gradient ᇞT is determined by probing the four-probe resistance of two 
thermometers Rh and Rs. The temperature coefficient of Rh and Rs was calibrated by 
changing the environment temperature through the VTI system. Figure 4.3 shows the 
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resistance as the function of temperature after thermal equilibrium was reached. The 
linear results serve as basic calibration curves of thermometry.  
 
Figure 4. 3: Thermometer calibration: resistance vs. temperature. 
 
After the calibration of the thermometers, a heating current to induce the heat 
gradient was applied. At the same time, the resistance of Rh and Rs where measured. 
When the environment temperature and thermometer resistance stabilized, we 
compare the values of the Rh and Rs to the calibration curve to obtain the temperature 
increase at these two thermometers. As we discussed in chapter 3, the thermal 
conductance can obtained from the following formula: 
ܩ௦ ൌ ܫ௛
ଶሺܴ௛ ൅ ܴ௟ሻ
∆ ௛ܶଶ െ ∆ ௦ܶଶ ∆ ௦ܶ																																											（4.1） 
The temperature change in each membrane as function of applied Joule heat was kept 
in the linear range (Figure 4.4). The increase in temperature, ΔTh and ΔTs, was 
controlled to below 5K to minimize thermal radiation between the two membranes. 




Figure 4. 4: The temperature and resistance changes in the heater resistor Rh and sensor 
resistor Rs as a function of applied Joule heat. 
 
The measured thermal conductance ܩ௦ ൌ 1 ܴ௧௢௧௔௟ൗ 		and thermal conductivity κ for all 
junctions is shown in Figure 4.5 (a) and (b). Here, κ is obtained from 
 ctotal RRA
L
 , where Rtotal is the total measured thermal resistance, Rc is the 
thermal contact resistance, and A is the unit cross section area (we define A = w × h, 
where w is the width of the samples and h ≈ 0.34 nm is the nominal thickness of 
single layer graphene). Independently on the channel length, all samples exhibit 
qualitatively the same behavior as a function of the temperature: G(T) increases with 
temperature and reaches a broad plateau. The thermal conductivity at T = 300 K in 
our longest sample (L = 9 μm) shows a value of (1689 ± 100) Wm-1K-1 ~ (1813 ± 111) 
Wm-1K-1, which is comparable to the values obtained from Raman based 
measurement techniques (from ~1800 Wm-1K-1 to ~5300 Wm-1K-1) 35, 12, 33, 34, 36, 37. 
Remarkably, our measurements show that κ increases with sample length over the 




Figure 4. 5: (a) Measured thermal conductance G vs. temperature. The sample with 9 μm 
broke when cooling below 270K during measurements. (d) Thermal conductivity κ vs. sample 
length (L) with negligible Rc at T = 300K and 120K, respectively. 
 
We first discuss thermal conduction in submicron size samples at low temperature. 
Here, plotting G/A is more instructive than κ. In all submicron samples the thermal 
conductance exhibits the same temperature dependence (Figure 4.6) and is 
independent of sample length. This has important implications for the nature of 2D 
phonon transport. It has been reported that phonons in graphene can travel without 
scattering, i.e. ballistic transport 83, 88. In clean devices, G/A has been expected to 





 Wm-2K-1, as shown by the black dashed 
curve in the same figure 83. Indeed, the experimentally observed values are not only 
length independent, but also within 39.8% of the predicted ballistic thermal 
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conductance at T = 30 K (phonons in quasi-ballistic regime), indicating high sample 
quality and clean surface in the measured graphene. 
 
Figure 4. 6: Experimental thermal conductance per unit cross section area G/A as a function 
of temperature in samples with L: 300 nm - 700 nm. The ballistic limit is indicated by the 
black dashed curve. 
 
Atomistic simulations provide a powerful tool for validation and interpretation of 
experimental measurements, with the advantage that the limit of perfectly crystalline 
samples can be probed. Our collaborator Luiz F.C. Pereira has performed 
non-equilibrium molecular dynamics (NEMD)89 simulations of heat transport in 
graphene at similar conditions as the experiments. We considered periodic models of 
defect-free, isotopically pure, suspended graphene patches with size between 11 nm 
and 3 nm, at 300 K and at 1000 K. Our simulations show that at 300 K the thermal 
conductance remains constant for distances up to ~80 nm between the hot and the 
 
76 
cold reservoir (Figure 4.7), indicating ballistic heat transport in this size range. 
 
Figure 4. 7: MD simulation results of thermal conductance G/G0 vs. sample length L at T = 
300 K. G0 is the effective ballistic limit defined as the conductance for a sample with a 5.5 nm 
distance between the heat the cold reservoirs. 
 
Before we discuss the length dependence of thermal transport at room temperature, 
we need to comment on the issue of thermal contact resistance Rc, a critical parameter 
in thermal conductivity studies in general. Note that while achieving low values for 
Rc with 1D nanowires and nanotubes remains difficult, the inherently larger contact 
area with 2D sheets makes it less challenging.  
To be consistent and eliminate sample-to-sample variations in contact resistance, the 
data were collected from the same batch of CVD-grown graphene and from two 
different SiNx wafers, each of them integrated with 6 × 7 devices array with different 
length and fabricated at the same time. 
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General speaking, total measured resistance Rtotal for our devices is 
ܴ௧௢௧௔௟ ൌ ܴ௖ ൅ ܴ௚௥௔௣௛௘௡௘ ൌ ܴ௖ ൅ ܮܣߢ																															ሺ4.2ሻ 
a linear extrapolation of Rtotal ~ L will gives an estimated value of Rc. However, it is 
important to note that this linear extrapolation is only valid in diffusive regime where 
κ is length independent; since the length dependence of κ is a priori unknown based 
on the measured thermal resistance data alone, we use other three approaches to 
calculate the contact resistance: 
 
(1). The thermal contact resistance Rc can be calculated using thermal interface 
resistance (Rinterface). The two have been shown to be related as39: 




Here, Equation 4.3 takes into account the inherently larger contact area in 2D systems 
and the heat spreading under the contacts, where Rc is thermal contact resistance, the 
number 2 indicate two contact on both side of graphene sample, κ is thermal 
conductivity of supported graphene, A is the contact area between sample and 
electrode, w is the sample width, lc is the contact length, and Rinterface is the interface 
thermal resistance. 
The electrical contact resistance of the samples is within ~ 1 kΩ, indicating clean 
interfaces between graphene and Pt electrodes. The presence of Cr/Au top contacts 
(top red contacts in Figure 4.1) further improves the thermal contact. Hence, we 
assume that room temperature interfacial thermal resistance of Au/Graphene/Pt/SiNx 
interface in our devices is comparable to (4.2-12)×10-9 m2KW-1 in graphene/SiO2 
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interface6, (2.3-5.3)×10-8 m2KW-1 in graphene/Au interface12, 4×10-8 m2KW-1 in 
Au/Ti/graphene/SiO2 interface90 (details in the Table 4.1). From this, the thermal 
contact resistance 2Rcontact in our samples is calculated to be 9.9 × 104 K/W to 4.4 × 
105 K/W, which contribute 0.9% ~ 4% of the total measured thermal resistance in 
sample with L = 9 μm at room temperature. 
  APL 95, 161901  Nano Lett 10, 1645  Nano Lett 10, 4363  Nano Lett 11,1195  Our results
Interface materials  G/SiO2  G/Au  Au/Ti/G/SiO2  G/Pt/SiNx  G/Pt/SiNx 





Table 4.1:The measured interfacial resistance from four different groups and the calculated 
contribution from contact resistance in our work. 
 
(2). It is challenge to extract different thermal resistance component in the suspended 
graphene, especially in the submicron samples where phonons probably in the 
ballistic-diffusive regime. However, Prasher91 has suggest that thermal contact 
resistance can been calculated from a simple model: diffballisticctotal RRRR  , where 
Rballistic is from ballistic phonons and Rdiff is from diffusive component. Following Bae 
et al.83, the crossover of 2D thermal conductivity from ballistic to diffusive can be 
written through the same model with 
ballistic
ballistic G










 Wm-2K-1, A is cross section area, L is sample length 
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and λ is phonon mean free path. We use this simple model to fit the data from samples 
with length ranging from 300nm to 1.5 μm. Rc is fitted to be around ~1.26 x 106 K/W 
and contribute around 11.5% of the total thermal resistance in 9μm-sample. 
 
(3). We assume that thermal conductivity follow ~log L behavior and directly fit the 
Rtotal ~ L (Rtotal = Rc + L/(κA), where κ ~ log L) and extract Rc to be ~7.6 x 105 K/W, 
which contribute around 6.9% of the total thermal resistance in 9μm-sample. 
 
It is important to note that whether phonons are in the ballistic-diffusive crossover or 
follows ~log L divergence is prior unknown and we are not sure which approach 
provide the best thermal contact resistance Rc in our measurement. However, we can 
safely assume Rc ranging from ~ 9.9 × 104 K/W to 1.26 × 106 K/W (which contribute 
around 0.9% ~ 11.5% of Rtotal in the sample with 9 μm length) and plot κ ~ log L with 
different Rc (negligible, 5.5 × 104 K/W and 1.26 × 106 K/W). 
We plot κ vs. length in Figure 4.8 for different contact resistance, Rc=5.5 × 105 K/W 
(~ 5% of Rtotal in 9 μm sample), and Rc=1.26 × 106 K/W (~ 11.5% of Rtotal in 9 μm 
sample), respectively. κ increases with sample length at T = 300K. Surprisingly and in 
contrast with experiments on supported graphene83, κ does not saturate even in our 
longest sample with L = 9 µm. More importantly, κ scales with ~ logL in samples with 
length longer than 700 nm. Such behavior has been predicted for 2D systems and is a 
direct consequence of the 2D nature of phonons68, 69. This anomalous 
length-dependent thermal conductivity should not be confused with quasi-ballistic 
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transport discussed above, which occurs when the length of the sample is comparable 
to the averaged phonon mean free path (λph) of the main heat carriers. Following the 
parameters used by Ghosh et al.92, we estimate λph to be around 240 nm at T = 300 K. 
It should be noted that λph is a spectral property that depends on frequency and 
polarization of each phonon, therefore λph =240nm is an average or effective phonon 
mean free path of all the phonons contributing to thermal conduction.  
 
Figure 4. 8: Length dependence of κ. The red squares, solid circles and solid diamonds are 
the extracted intrinsic thermal conductivity when assuming Rc contributes negligible, 5% and 
11.5% to the total measured thermal resistance in 9μm-long sample. The linear solid lines are 
guides to the eyes. The black arrow and red diagonal lines indicate the averaged/effective 
phonon mean free path, which is 240 nm and 80nm obtained by experiment and simulation, 
respectively. 
 
Moreover, our simulation results show that the thermal conductance starts decreasing 
for length beyond 80 nm (Figure 4.7) and is G/G0~0.6 for L ~ 150 nm, where G0 is the 
calculated thermal conductance in a sample with a 5.5 nm between the thermal 
reservoirs. Therefore, L > λph holds in our shortest samples at T = 300 K and κ does 
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not saturate even when the length of the sample is more than thirty times larger than 
average λph. 
It is worth pointing out that, in contrast with 2D lattice models75, 78, graphene atoms 
can move out of plane, giving rise to flexural acoustic (ZA) and flexural optical (ZO) 
modes. The role of the ZA modes of graphene in heat transport is still debated: 
according to lattice dynamics calculations and equilibrium MD simulations the ZA 
modes provide the fundamental scattering channels to limit  to a finite value, unless 
strain is applied81, 82. On the other hand calculations that take into account the 
deviations of phonon populations from equilibrium, through a self-consistent solution 
of the Peierls-Boltzmann equation, suggest that ZA modes are the main heat carriers 
in graphene, and show a significant size dependence of  at the micrometer scale93. 
Here we have probed directly stationary non-equilibrium heat transport at conditions 
very similar to the experiments by NEMD simulations. In sharp contrast with 
previous equilibrium MD simulations, but in excellent agreement with experiments, 
we observe  (L) ~ logL both at T = 300 K and at 1000 K, for systems with size well 
beyond the ballistic length (Figure 4.9). Surprisingly, in spite of the unavoidable 
presence of boundary scattering at the interface with the thermal reservoirs,   from 
NEMD exceeds the converged value of  from equilibrium Green-Kubo calculations, 
computed with the same empirical potential, indicating that the mechanism of heat 
transport is substantially different at stationary non-equilibrium. We also note that 
different NEMD approaches, namely reverse NEMD89 and direct NEMD94, give the 
same result at any given size. In addition for each L,   (L) is not sensitive to the 
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magnitude of the applied heat flux or temperature gradients. In our NEMD 
simulations we ensured that grad(T) is proportional to J, meaning that we did not 
break the linear response regime. We have also carefully considered the effect of 
different aspect ratios of the simulation cell, probing very large systems of square 
aspect ratio, which give results in agreement with those obtained with elongated 
supercells (Figure 4.9), and confirm that the log(L) divergence is not an artifact of the 
simulation setup. 
 
Figure 4. 9: Thermal conductivity of graphene as a function of simulation cell length, 
obtained with direct (black circles) and reverse NEMD (red squares and green diamonds) 
methods at T = 300K and reverse NEMD at 1000 K (blue triangles). Results obtained with 
supercells with square aspect ratio (green diamonds) agree well with those obtained with 
elongated supercells (all others). Dashed lines are logarithmic fit. The dotted vertical lines 
indicate the limit of the ballistic transport regime.	
 
4.4 Width-dependent thermal conductivity 
In order to study the length-dependent thermal conductivity in graphene, it is 
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important to fix the sample width as the two edges may also affect thermal 
conductivity by scattering the phonons, especially the phonons with long mean free 
path. Figure 4.10 shows thermal conductivity in 2.5μm-long samples with different 
width. The measured thermal conductivity changes from 1054 Wm-1K-1 to 1186 
Wm-1K-1 when width changing from 1.5 μm to 4 μm, demonstrating a weak 
width-dependent thermal conductivity. 
Bae et al.83 used a simple empirical model
 













 to understand their 
width-dependent data in supported graphene when considering that κ is limited by 
phonon scattering with edge disorder. Here Δ is the root-mean-square edge roughness, 
c is fitting parameter. The solid line in Figure 4.10 (b) is our best fitting when using 
Δ=0.6nm, and c=0.04 Wm-1K-1 (same parameters with Bae's paper). The steeper width 
dependence in our fitting is probably due to the fact that our graphene is suspended 
and we have much large length (L=2.5μm) than that in Bae et. al 's work (L=250nm)83. 
This is also consistent with previous work that graphene-substrate coupling 




Figure 4. 10: (a) Temperature dependent thermal conductivity in graphene with different 
width. (b) Width dependent thermal conductivity. Solid circles are our experiment data in 
samples with 2.5μm in length, solid line is our fitting from the above equation, dash line is the 
fitting line from Bae et. al 83. 
 
4.5 Conclusion 
We now seek to understand the physics behind the observed length-dependent 
thermal conductivity. A number of theoretical and computational studies on ideal 
systems, like the Fermi-Pasta-Ulam model, have demonstrated that,  in 




Figure 4. 11: illustration of logκ ~ logL scaling behavior for 1D, 2D and 3D systems, where 
thermal conductivity scales as ~ L0.33, ~ logL and constant, respectively. 
 
In fact, rigorous mathematical proof tells us that for a momentum conserved 1D 
system κ diverges with system size67, 68, 69, 70, which has been confirmed 
experimentally in nanotubes 14, 74.  On the other hand, the length dependence of 2D 
systems remains unresolved and a ~ logL dependence has been proposed by various 
analytical theories68, 69, 75, 78. Our experiment and simulation studies provide strong 
evidence for a ~ logL behavior in graphene, which is different from both of that in 1D 
and 3D systems. 
The other possible mechanism behind the length-dependent thermal conductivity is 
related to the ballistic propagation of extremely long wavelength, low frequency 
acoustic phonons95, 96. Nika et al.96 emphasized the importance of low frequency 
acoustic phonons in graphene. As sample size increases, more low frequency acoustic 
phonons can be excited and contribute to thermal conduction, resulting in a 
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length-dependent behavior. The third possibility is related to the selection rules for 
three-phonon scattering, the phase space of which is strongly restricted by the 
reduced dimensionality,93, 97 however a non-logarithmic dependence of the thermal 
conductivity was reported when three-phonon process are considered to second order. 
A comparative analysis of phonon populations in MD simulations at equilibrium and 
non-equilibrium conditions suggests that in the latter conditions the population of 
out-of-plane modes is augmented whereas in-plane modes with polarization in the 
direction of the heat flux propagation get slightly depopulated. Such population 
imbalance produces the observed discrepancy between equilibrium and 
non-equilibrium simulations, promoting logarithmic divergence of κ at stationary 
non-equilibrium. Our simulations therefore suggest that logarithmic divergence stems 
from the combination of reduced dimensionality and displacements of phonon 
populations at stationary non-equilibrium conditions. 
From experiments, it is still challenging to distinguish which transport mechanism 
dominates the observed length-dependent thermal conductivity. To this end, it would 
be constructive to show the relative contribution to thermal conductivity from 
phonons with different frequencies, or to study the thermal conductivity in samples 
with much larger size (e.g. 100 μm or even millimeter), which would however require 
the development of new measurement techniques. 
In summary, we have studied thermal conductivity in suspended single layer 
graphene. Thermal conductivity has been observed to increase with the length of the 
samples and to scale as ~ log L, even when L is one order of magnitude longer than 
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the average phonon mean free path. Possible mechanisms have been discussed: 
molecular dynamics simulations, in excellent agreement with experiments, confirm 
the divergence of κ and suggest that it is related to the two-dimensional nature of 

























In chapter four, we discussed the basic heat transport properties of graphene, which is 
the most studied 2D crystal because of its outstanding optical, mechanical, thermal 
and electronic properties86, 98, 99, 100, 101, 102. However, from the application side of 
making use of heat energy, the direct conversion between heat and electricity in 
thermoelectric materials is considered to be a promising route for power generation to 
solve the energy shortage problem, and accordingly, the search for highly efficient 
thermoelectric materials has attracted much attention in material science. Furthermore, 
pristine graphene does not have a band gap, which poses a major problem for its other 
practical applications like high-performance field-effect transistors (FETs). Band gap 
engineering via nanoribbons or strain engineering brings about a deterioration of the 
unique transport properties in graphene103, 104, 105. Thus, searching for better 2D 
materials is an important aspect from both scientific and application point of views. 
Recently, a new 2D crystal: molybdenum disulfide (MoS2), a member from the group 
of transition-metal dichalcogenides, holds great promise for spin-electronics and 
optoelectronics106, 107, 108, 9. Besides the electrical characterization, the understanding 
of thermal properties such as thermopower (TEP), expressed in the Seebeck 
coefficient S, of MoS2 is important to gain insight on the design of high performance 
devices with low power consumption. The TEP of a material depends on its band 
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structure and electron and hole asymmetries at the Femi level109. Therefore it is also 
an extremely sensitive tool to characterize the electronic structure as well as the 
density of states110. This applies even if the contacts to such nanoscaled systems are 
not perfect for transport characterization because the TEP measurement does not need 
the induction of an external current. Recently, Buscema et. al studied the 
photothermoelectric properties of mechanically exfoliated MoS2 and observed large 
TEP in this material, evidencing its potential application on thermopower generation 
and waste heat harvesting42. However, a systematic thermoelectric study, which is also 
important for understanding the charge carrier transport mechanism, is still missing. 
This is probably due to the fact that the mechanical exfoliation of thin flakes proved 
to be more complicated compared to, for example, graphene.  
Currently, most MoS2 devices have been made by using exfoliated flakes directly. 
This can be attributed to the chemical and physical properties of MoS2, which make it 
impossible to react with common acids (such as hydrochloric acid, nitric acid and 
sulphuric acid) and bases (KOH, and NaOH) at room temperature111, 112. However, the 
ability to etch MoS2 monolayer to give different geometries is critical for both 
fundamental physics studies, i.e., spin-Hall & spin-valley exploration107 and also its 
potential applications. Thus, a new route to define sophisticated structures of MoS2 is 
in high demand. 
In the first part of this chapter, we reported a chemical dry-etching and patterning 
method for MoS2 by using XeF2 as a gaseous reactant. Atomic force microscopy was 
used to study the morphology before and after etching, and the etching rate was also 
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calculated by comparing the thickness change. Raman spectroscopy, as a powerful 
tool to analyze structural and doping information, was also employed to study the 
changes after etching. The photoluminescence (PL) spectra of single layer MoS2 after 
etching and exfoliated single layer were compared. In order to gain a deeper insight 
into the etching mechanism, chemical vapor deposition (CVD) graphene was used as 
an etching mask. Combined with traditional micro–nanofabrication technology, where 
poly (methyl methacrylate) (PMMA) was used as etching mask after electron beam 
lithography patterning, we successfully obtained a hexagonal MoS2 pits array after 
transferring exfoliated graphene as a mask. This is the first systematic report of such 
etching of MoS2, which will be useful for future investigations and applications. 
Moreover, the success of high quality growth of large area monolayer MoS2 using 
Chemical Vapor Deposition (CVD)113, 114 provides the possibility for the realization of 
complex large area device concepts oriented towards applications. So in the second 
part of this chapter, we investigated thermoelectric properties in CVD grown single 
layer MoS2 after patterning by the XeF2 dry-etch process. Micro-fabricated heaters 
and thermometers are used to measure both electrical conductivity and thermopower. 
Large values of up to ~30 mV/K at room temperature are observed, which are much 
larger than those observed in other two dimensional crystals and bulk MoS2. The 
thermopower is strongly dependent on temperature and applied gate voltage with a 
large enhancement at the vicinity of the conduction band edge. We also show that the 
Seebeck coefficient follows S~T1/3 suggesting a two-dimensional variable range 
hopping mechanism in the system, which is consistent with electrical transport 
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measurements. Our results help to understand the physics behind the electrical and 
thermal transports in MoS2 and the high thermopower value is of interest to future 
thermoelectronic research and application. 
 
 
5.2 XeF2 etching of MoS2 
5.2.1 Characterization of XeF2 etch of MoS2 
Due to its highly oxidizing properties, XeF2 is widely used in industry as an etching 
gas for Si. Recently, XeF2 has also been used as a powerful tool to modify the 
properties of graphene, such as conductivity, transparency and bandgap115, 116, 117. We 
chose XeF2 for two reasons: firstly, due to its highly oxidizing properties, the gas 
reacts easily with MoS2; secondly, the reaction by-products can be efficiently 
removed as gases, such as Xe, SF6, F2, and MoF3 et al. The reaction can be given as 
follow:  
MoS2 + XeF2                  Xe + MoF4 + SF6 
MoF4                   MoF3+ F2 
This strong oxidation-reduction reaction produces a large amount of heat and the 
temperature of the MoS2 flakes is like to increase as a consequence, thus resulting in a 
positive influence on the reaction rate. All the products of this reaction are gases at 
room temperature. So at the end of the etching we can get very clean interface on our 
test samples.  
The optical contrast on the substrate is sufficient to identify MoS2 flakes with 
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thickness down to a monolayer40. Figure 5.1 (a) shows an optical image of a 
multilayered MoS2 flake on Si/SiO2 substrate. Figure 5.1 (b) shows the same flake as 
in Figure 5.1 (a) after the etching process. The red zone marked in Figure 5.1 (a) was 
completely etched, whilst the remainder of the flakes remained due to their higher 
thickness.  
 
Figure 5. 1: Optical and AFM images of a MoS2 flake. (a) and (b) are the optical images 
before and after etching. (c) and (d) are the corresponding AFM images of the lower right 
corner flake in (a) and (b). 
 
The AFM images of one MoS2 flake were also acquired on a 200 × 200 nm2 scan 
window, and are shown in Figure 5.1 (c) and (d). As clearly seen in these two images, 
the surface morphology of this flake changed considerably after etching, and the 
root-mean-square (rms) surface roughness changed from 0.07 nm to 0.9 nm, which is 
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in consistent with a previous report by Castellanos-Gomez et al.118. There are two 
possible reasons for this result. Firstly, the reaction might not be uniform on the 
surface because of some molecular adsorption and traces of un-removed MoS2. It may 
also originate from the microstructure of MoS2, whereby due to the sandwich 
structure S–Mo–S, the reaction rates of S layers and Mo layers might be different, 
thus causing an etching fluctuation. 
In this study, all the etching experiments were conducted at room temperature. Higher 
pressures or longer times produced thinner flakes. Etching rate is very important for 
precise control of the etching thickness. In order to measure the etching rate, we 
prepared 24 samples at different etching times, and selected two different flakes in 
each sample for testing. The thickness of each flake was measured by AFM before 
and after etching. Figures 4.2 (a) and (b) show the AFM images and height profile of 
the same MoS2 flake, from which it can be seen that the thickness decreased by 18.8 
nm after etching.  
 
Figure 5. 2: AFM images of the same MoS2 flake before and after etching, with height 
profiles shown in the insets. (a) The thickness of pristine exfoliated MoS2 is 65.2 nm. (b) The 
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thickness of this flake decreased to 46 nm after etching for 180 s at 1 torr. By comparing the 
thickness changes, the plot of ᇞTthickness vs. time can be acquired. 
 
The variation of etched thickness versus time can be clearly seen in Figure 5.3; there 
was no obvious thickness change in the first 20 s, and the etching rate then accelerated 
after 30 s.  
 
Figure 5. 3: Thickness measurement and etching rate analysis. Plot of etched thickness vs. 
time for 12 samples (the pressure was 1 torr, and each point corresponds to two samples) 
 
Although mechanical exfoliation methods have proven to be effective in giving high 
quality single or few layers MoS2, most of the samples are very small and the yield is 
hard to control. Therefore, future research and applications require the development of 
a new procedure to precisely control the quality and layer numbers. Laser-thinning of 
MoS2 has been reported as an effective way to get single-layer 2D crystals from 
multilayered flakes118, but this method is still hard to control. After we calculated the 
etching rate, we also tried to obtain single layer MoS2 by XeF2 etching. Figure 5.4 (a) 




Figure 5. 4: Optical images of an etching-thinned monolayer and its photoluminescence 
spectrum. (a) Optical image of MoS2 before etching. (b) Optical image of the same flake after 
etching; monolayer MoS2 can be clearly seen in the marked zone. 
 
As seen clearly in the marked zone, the flake was a golden color. Figure 5.4 (b) shows 
the optical image of the same flake after XeF2 etching for 120 s at 1 torr; one part of 
the marked zone became blue and one part became more transparent. AFM 
measurements showed that the edge thickness was 0.9 nm (Figure 5.5), which is 
consistent with a previous report118.  
 
Figure 5. 5: AFM image of the etching-thinned monolayer MoS2, which is the sample shown 
in Figure 5.4. The height profile is shown in the inset. 
 
Raman spectroscopy is a sensitive characterization method that has been widely used 
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to study 2D materials119, 120, 121. For graphene, the layer numbers, defects, strain and 
substrate effects can be easily determined from its Raman spectrum119, 122. Lee et al. 
reported a systematic study of the Raman spectrum of MoS2; the Raman shift changed 
gradually as the layer number increased52. The intrinsic peaks of MoS2, E12g and A1g 
occur at around 380 and 400 cm–1 respectively. The frequency difference between the 
two most prominent peaks can be used as a direct proof of layer number; however the 
difference remains almost the same for layer number larger than 5. In Figure 5.6 (a), 
we compare the difference in Raman spectra before and after etching.  
 
Figure 5. 6: (a) Raman spectra of the exfoliated multilayer and monolayer and the 
corresponding etching-thinned samples. (b) The photoluminescence spectra of 
etching-thinned monolayer and exfoliated monolayer samples. 
 
The two peaks of thick MoS2 flakes are located at 384 and 409 cm–1, with the 
separation between the two peaks being about 25 cm–-1. As the thickness decreased 
after XeF2 treatment, the frequency difference between the two peaks decreased to 19 
cm–1. The frequency difference between E12g and A1g is the same as for exfoliated 
monolayer MoS2. This means that the intrinsic vibration mode did not change 
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significantly even after etching. Due to the transition from an indirect to a 
direct-bandgap semiconductor, single layer MoS2 exhibits a unique signature in its 
photoluminescence spectrum. In Figure 5.6 (b), we compare the PL spectrum of the 
etched single layer and one exfoliated single layer sample. The exfoliated single layer 
sample has two PL peaks at 670 nm and 619 nm, consistent with previous reports123. 
These two peaks are due to the direct excitonic transitions at the Brillouin zone K 
point124. The PL spectrum of the etched single layer proves that the etched single layer 
MoS2 also retains the large intrinsic direct bandgap. However the intensity of the 
etched sample is larger than that of the pristine sample and the dominant peak at 663 
nm shows a blue shift which indicates a larger bandgap. The mechanism of this effect 
is still unknown, but it may arise from the quantum confinement effects as the 
thickness decreases. In addition, the exfoliated monolayer retains the S–Mo–S 
sandwich structure, but the etching-thinned monolayer sample could even break up 
the three-layer unit and make it into a thinner structure.  
The etching process is closely related to the interaction between the bottom layer and 
the SiO2 substrate. The reaction is an exothermic process, and elevated temperature 
can accelerate the reaction rate, such that the etching rate becomes faster as time 
increases as shown in Figure 5.3. Because of the weak interlayer coupling between 
the MoS2 layers, the heat cannot be easily dissipated to the surroundings during 
reaction. The bottom layer, however, remains due to the substrate effect. Similar 




5.2.2 The mechanism of XeF2 etch of MoS2 
The fabrication of devices with different structures is critical for studying the intrinsic 
properties of 2D materials, such as Hall bar86, FET40, 125 and quantum dot devices126. 
By combining traditional electron beam lithography (EBL) and our etching method, 
we successfully fabricated some devices and patterns (see Figure 5.7 (a)-(d)).  
 
Figure 5. 7: Images of MoS2 pattern and device. (a) Image of MoS2 flake covered by 
few-layer exfoliated graphene. Arrays of holes were fabricated on few-layer graphene by 
e-beam lithography and oxygen-plasma etching. Hexagonal pits were grown in MoS2 flake 
from graphene holes after XeF2 etching. (c) Image of one pattern on a MoS2 flake. (d) Image 
of a MoS2 device fabricated after e-beam lithography and XeF2 etching. 
 
In these experiments, exfoliated MoS2 flakes were put onto a SiO2 substrate, and then 
one layer of PMMA was spin-coated on the chip. After EBL exposure and 
development, we obtained different patterns covered by PMMA. The patterned 
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sample was put into the chamber and etched for 4 minutes at 1 torr pressure of XeF2. 
Although etching with these parameters could completely remove MoS2 flakes with a 
thickness less than 300 nm, the edge of the etched MoS2 flake was still very sharp 
(Figure 5.7 (c)). This can be explained by forming one layer of PMMA film at the 
edge of MoS2, because the heat during the reaction could make PMMA around the 
exposed area melt and cover the edge, and in this case the reaction will stop at the 
edge. Many groups have reported the physical properties of XeF2-fluorinated 
graphene. Even though the properties and functionalities can change during the 
fluorination process, the 2D structure can be retained after fluorination115, 116, 117. This 
means graphene can be used as an etching mask for many materials, such as Si, SiO2 
and MoS2. In order to study the etching mechanism, the stack of monolayer CVD 
graphene and MoS2 flakes is etched for 3 minutes at 1 torr, as shown in Figure 5.8 (a). 
Interestingly, from the AFM image we find that there are some hexagonal pits on each 
flake. As shown in Figure 5.8 (c), there is a hole in the center of the hexagonal pits 
(Figure 5.8 (d)). The reason for this is that the many defects in CVD graphene provide 
reaction centers and the reaction by-products were removed as gas, while the covered 
area could be gradually etched from the defect centers. This means that the defects in 




Figure 5. 8: AFM and optical images of hexagonal pits. (a) Schematic image of a MoS2 flake 
after covering one layer of graphene. (b) Optical image of hexagonal array: few layer 
graphene was put onto this MoS2 flake, and then arrays of holes were patterned by combining 
EBL and oxygen plasma before etching. Two of the hexagonal pits are marked with red 
curves. (c) AFM image of the hexagonal pit, where the edge and center of the hexagonal pit 
are marked with red and yellow curves, respectively. (d) The zoom-in AFM image of the 
center in (c), which originated from a point defect of CVD graphene. 
 
Considering that the position and amount of defects in CVD graphene is hard to 
control, exfoliated few-layer graphene is chosen as a mask for further study. 
Exfoliated graphene is an almost perfect 2D crystal, so the defects can be easily 
designed by using EBL and oxygen plasma. Figure 5.8 (b) shows the optical image of 
the hexagonal pits array; the etched hole of graphene can be clearly seen at the center 
of every hexagonal trench and these trenches are aligned to each other. The main 
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difference between PMMA and graphene as an etching mask is that graphene with its 
high thermal conductivity and stability does not form an insulating layer, which is 
why we could obtain hexagonal pits under graphene.  
Considering that XeF2 molecules are the only reactive species in this process, and 
only the presence of point defects could induce hexagonal pits, we build a simple 
model to explain the etching mechanism. In the microstructure of monolayer MoS2, 
each Mo atom is bonded to six S atoms, and each S atom is bonded to three Mo atoms 
(Figure 5.9 (a)). Figure 5.9 (b) shows the top view of a monolayer MoS2 atomic 
structure, assuming that this monolayer MoS2 was cover by CVD graphene with only 
one point defect in the center of the graphene. After we remove one S atom from the 
top layer (Figure 5.9 (c)), three Mo atoms in the middle layer and one S atom will be 
exposed to XeF2, and they will become more active than the other atoms in the whole 
crystal. Then XeF2 will selectively remove the four atoms, and in this case the first 
hexagonal hole can be observed (Figure 5.9 (d)). Following this, the exposed atoms in 
MoS2 crystal will be removed in sequence, as shown in Figure 5.9 (e)-(f), resulting in 




Figure 5. 9: Schematic model of the atomic structure of monolayer MoS2 and the etching 
mechanism. (a) Atomic structure of monolayer MoS2, where the inset shows the unit cell of 
the crystal. (b) Top view of a monolayer MoS2 crystal, assuming the crystal was covered by 
CVD graphene. (c) After removing one S atom on top from one point defect of graphene (see 
the marked zone), three Mo atoms with dangling bonds are exposed to XeF2. (d) After 
removing three Mo atoms in the middle layer and one S atom at the bottom by XeF2. (e) And 
(f) the hexagonal pit growing larger during the etching process.  
 
First-principles computation predicts that zigzag MoS2 nanoribbons show 
ferromagnetic and metallic behavior, irrespective of the ribbon width and thickness, 
while the armchair nanoribbons are nonmagnetic and semiconducting127, 128. Until 
now, there has been no experimental report of the properties of zigzag or armchair 
MoS2 nanoribbons. As shown in our model, all the edges in the hexagonal pits are 
zigzag. This means zigzag MoS2 nanoribbons can be fabricated by controlling the 
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position of graphene defects and etching parameters and its ferromagnetic properties 
could be realized on multilayered MoS2 flakes.  
 
5.3 Thermoelectric property in CVD grown single-layer 
MoS2 
5.3.1 Characterization of CVD grown single-layer MoS2 samples 
Single layer MoS2 is grown by CVD on a Si/SiO2 substrate following previous studies 
129. Afterwards, the MoS2 film is transferred (see supporting information) onto highly 
doped silicon substrates with 285 nm of oxide layer which acts as a dielectric layer to 
tune the charge carrier density. Since our CVD grown MoS2 is continuously in a 
relative large area, some parts have to be etched to obtain an isolated device structure. 
After the contact deposition, we employed an etch method to isolate the target MoS2 
from the surrounding crystals. From Figure 5.10, one can find that the etch process is 
very clean and defined. 
 




Electrodes are fabricated using standard electron-beam lithography followed by 
thermal evaporation of Cr (2 nm)/Au (50 nm) in such a way that the part which is in 
contact with the MoS2, consists of pure gold. XeF2 has been used previously to etch 
MoS2130, and the same technique is applied in our experiment to achieve the required 
device geometry and to electrically decouple the sample from the heater and the 
remaining areas of grown MoS2 films. A schematic layout of the device, similar to 
previous TEP studies on one-dimensional Nanowires61, 62, 64, 63, 131, 132, 133 and 
graphene65, 66, 134 is shown in Figure 5.11 (a). The device consists of a heater and two 
local thermometers (Rhot and Rcold). Figure 5.11 (b) shows an optical image of the 
device.  
 
Figure 5. 11: (a)	 Schematic of the thermoelectric device.  Two electrodes, Rhot and Rcold, 
contacting with the single layer CVD MoS2 flake, are used as 4-probe thermometers to 
determine the heat gradient applied by the heating current Iheater, and also to measure the 
thermoelectric voltage drop.  A back gate voltage VBG is applied to tune the carrier density of 
the device. (b) Optical image of the contacted device.	
 
Raman spectroscopy is used for MoS2 characterization after the sample fabrication. 
Figure 5.12 (a) is the single spectrum of our CVD MoS2 sample. The distance 
between E12g peak and A1g peak is 21 cm-1 which confirm the single layer of our 
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sample according to the literatures135. Figure 5.12 (b) shows the 2D mapping of the 
A1g peak of the device (Figure 5.12 (b) right). Compared to the optical image, the dark 
lines A, B and C in the mapping picture is the thermometer Rcold, Rhot and heater 
respectively. 
 
Figure 5. 12: (a) Single Raman spectrum of the CVD MoS2 device. (b) Optical image and 
2D Raman mapping of A1g peak of the device.	
 
It has been shown that vacuum annealing changes the doping of the MoS2 by shifting 
the Fermi level towards the conduction band and also reduces the contact resistance 
significantly136, 137. We apply similar annealing steps and measure the conductance 
during the annealing, which gives us certain control over the final doping level of the 
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device. Before our measurements, the samples were annealed in N2 environment at 
200 °C to pre-clean the device by removing residues resulting from the fabrication 
process. After that, sample was loaded into the cryostat and in situ annealing was 
performed in vacuum at 400 K for several hours. From the two probe ISD-VBG 
measurement (Figure 5.13 (a)), a very large shift (~80V) of threshold gate-voltage 
towards negative values was observed after the annealing process. We also monitor 
the conductance of the sample during the second in situ annealing in the cryostat. 
Figure 5.13 (b) shows that the conductance at 0V back gate voltage increases 
continuously when the device is annealed. We use this information to stop the 
annealing process when the sample is in the medium conduction regime. The 
temperature curve shown in Figure 5.13 (b) is obtained from the on chip thermometer. 
After the anneal process, resistance of the two probe measurement decreases from 1 
M to 50 kat 60 V back gate voltage.  
 
Figure 5. 13: (a) Conductance vs VBG before and after anneal. (b) Conductance at 0V back 
gate voltage during the in situ annealing process at 400K.	
 
We obtained the source-drain characteristics of the sample at different gate voltages 
and temperatures by using the two thermometers as source and drain leads. Figure 
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5.14 shows the ISD as the function of back gate in different temperatures. The device 
exhibits an on-off ratio exceeding 104 at room temperature and 106 at 5 K, the field 
effect mobility are 15 cm2V-1s-1 and 55 cm2V-1s-1 respectively. The maximum 
2-terminal conductance reaches ~ 20 S, which is comparable with previously reported 
results137, 138.  A clear shift of the threshold gate voltage towards to the n-doping 
direction can be observed while the temperature increases from 5 K to 300 K136, 139. At 
a voltage around 60 V, a crossing of the curves is observed, which is consistent with 
previous published results136, 137, 138 and gives information about the transition to 
metallic behavior. 
 
Figure 5. 14: ISD as the function of back gate in different temperatures. 
 
5.3.2 Temperature dependent thermopower in single-layer MoS2 
After the electronic characterization, TEP measurements are carried out using a 
low-frequency Lock-in setup. An AC-current Iheater with the frequency  is driven 
through the heater to create a heat gradient over the sample by Joule heating. The 
heating power is given by P=Iheater2Rheater, in which Rheater is the resistance of the 
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heater electrode, and the frequency of the heat gradient △T induced by the heating 
current is 2 accordingly. The resulting 2 TEP voltage drop, VTEP, is measured 
between the two thermometer electrodes (Rhot and Rcold). The heat gradient △T across 
the relevant area is determined by probing the four-probe resistances of the two 
thermometers Rhot and Rcold. The TEP of the single layer CVD MoS2 is then given by 
the Seebeck coefficient S=-△VTEP/△T. 
Temperature gradient ᇞT is determined by probing the four-probe resistance of two 
thermometers Rhot and Rcold. We first calibrate the temperature coefficient of Rhot and 
Rcold by changing the environment temperature in the measurement system. The 
temperature of the environment was monitored by the thermometers built-in on PPMS 
sample socket. Figure 5.15 (a) and (b) show the resistance of Rhot and Rcold as the 
function of temperature after thermal equilibrium was reached. The linear results 
serve as basic calibration curves of thermometry. Such temperature calibration was 
performed from 20 K to 300 K. Since the resistance of the thermometers getting 
saturate at low temperature, the temperature measurements will be inaccurate in this 
regime. We did not attempt thermopower measurement at lower temperature 
 




After the calibration of the thermometers, a heating current to induce the heat gradient 
was applied. At the same time, the resistance of Rhot and Rcold where measured. When 
the environment temperature and thermometer resistance stabilized, we compare the 
values of the Rhot and Rcold to the calibration curve to obtain the temperature increase 
at these two thermometers, △Thot and △Tcold . The temperature gradient of the 
sample △T=△Thot-△Tcold can be calculated accordingly. 
Figure 5.16 shows the back gate dependence of the TEP at different temperatures. The 
negative values of TEP indicate that electrons are the majority charge carriers, which 
is consistent with the vicinity to the conduction band. The obtained maximum value 
for the TEP at 280 K yields 30 mV/K, which is remarkably larger than other 
investigated low-dimensional materials, such as graphene (~േ100 µV/K)65, 66, Bi2Te3 
(~േ200 µV/K)131, 132, semiconducting carbon nanotubes (~൅300 µV/K)61, Ge-Si 
core-shell Nanowires (~400 µV/K)63, and InAs Nanowires (~െ5 mV/K)64. Note that 
our TEP values may be even underestimated due to the limitation of measurement 
setup at the high resistive off-state of the material140. Taking this into account, the 
TEP of single-layer CVD MoS2 is comparable to the previous studies on exfoliated 




Figure 5. 16: (a) Thermopower of single layer CVD MoS2 as a function of back gate voltage 
at different temperatures. The grey shaded region indicates the measurement uncertainty. 
Three distinct regimes (I, II, III) are identified, shifting with temperature.	
 
However, we do not measure the thermal conductivity of our CVD MoS2. If we use 
the results from Yan Rusen et. al which is around 35 Wm-1K-1, the calculated ZT is 
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around 10-1 range at room temperature (Figure 5.17). Although the ZT value of MoS2 
is quite low, such high TEP values are still interesting for thermoelectronics studies 
and its potentially applications. The TEP values measured here are also significantly 
higher than the ones observed in bulk MoS2 (~7mV/K)141. In the bulk, the charge 
carrier density cannot be fully tuned by gate voltages. On the other hand, atomically 
thin layers can be very homogenously gated and therefore will exhibit a more uniform 
potential landscapes than its bulk counterpart. This allows a precise adjustment of the 
Fermi level towards the variable-range hopping (VRH) regime, as discussed next 
section, where thermopower is maximized. 
 
Figure 5. 17: (a) - (d) shows the calculated ZT and power factor while using 35Wm-1K-1 as 
the thermal conductivity of single-layer MoS2 at 300K, 200K, 140K and 40K.	
 
In the range of back gate voltages studied, three distinct regimes (I, II, III) can be 
identified. When the back gate voltage is at high positive values (III), the TEP shows 
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very small values of around 1~10 µV/K, which is comparable to the values of metallic 
materials142, 24, 143. Together with the transport data in Figure 5.14, this indicates that 
the system approaches the metallic regime. As the back gate voltage is reduced, the 
Fermi level is shifted into the bandgap and MoS2 undergoes a transition from metallic 
to insulating behavior (region II). The carrier density and the conductance decreases 
as expected for a semiconductor. At the same time, the TEP starts to increase and 
finally it reaches the maximum value. This is followed by a sharp decrease in TEP as 
the back gate voltage is swept to higher negative values (region I). This sharp 
decrease coincides with the “off” state in MoS2 indicating that the TEP closely 
follows the conductance variations in MoS2.  
It should also be noted that the measured TEP values includes not only the 
contribution from CVD MoS2 but also from the gold electrodes deposited on the 
MoS2, leading to a TEP of Sdevice=SMoS2+Selectrode. However Selectrode is three to four 
orders of magnitude smaller compared to the one from MoS242 and it is also expected 
to give a constant contribution independent of the back gate voltage. Therefore the 
TEP of the device can be considered as the TEP of the single layer CVD MoS2.  
In order to understand the gate dependence of the TEP in region II, one has to have a 
look at the dominating transport mechanisms of MoS2. The Mott formula, which 












where EF, kB and e are the Fermi energy, Boltzmann constant and electron charge, 
respectively. From this relationship, the absolute value of the TEP is expected to 
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increase monotonically while the charge carrier density and the conductance G 
decrease. However, with an increasingly negative back gate voltage, the system will 
reach the insulating regime. The conductivity at this regime is almost energy 
independent and hardly changes with the back gate. At the same time, the amount of 
electrons conducting through the material goes towards zero at the insulating state. In 
this regime (region I), the TEP measurement is limited by the measurement setup due 
to high device resistance140 and the VTEP signal decreases very quickly and exhibiting 
unreliable values once MoS2 goes to this ‘off’ state.  
In addition to the gate voltage dependence, we investigate the temperature 
dependence of the TEP. As T increases, the TEP shifts towards band gap. In Figure 
5.18 (a) and (b), we show the conductance and TEP as a function of back gate voltage 
and temperature. As the temperature increased from 5 K to 300 K, the same shift in 
conductance and TEP can be observed. In Figure 5.18 (c), cross sections of 
conductance and TEP at a constant temperature of T = 80 K are shown. The TEP 
starts to increase at the threshold back gate voltage where electrons start conducting 
and decreases later for all temperatures measured. The TEP peak position and 
threshold-voltage are compared for different temperatures in Figure 5.18 (d). The 
peak of TEP shifts from -10 V to -56 V as the temperature increases from 20 K to 300 
K and follows the same trend of the threshold voltage. After comparing the TEP peak 
position (VPEAK) and threshold-voltage (VTH), we find that VPEAK-VTH is almost 
constant. The same trend verifies that the electrical and thermal transports depend on 
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the same mechanism, that is, electrical conduction and thermal power are dominated 
by electrons and not by phonon-drag effects in the thermoelectric transport. 
 
Figure 5. 18: Conductance (a) and TEP (b) as a function of back gate voltage and 
temperature. (c) Comparison of electric transport and TEP as at the cross sections at 80K 
indicated in the upper graphs. (d) TEP peak position and threshold voltage of conductance as 
a function of temperature. 
 
TEP measurement of another sample is shown in Figure 5.19, being consistent with 
the results discussed above. In this sample, we observed the similar shift on TEP 
when changing the environment temperature (Figure 5.19 (a)). The maximum TEP at 
room temperature is around 20 mV/K which also comparable to the previous sample. 





Figure 5. 19: (a) TEP vs VBG at different temperatures. (b) Comparison of the gate dependent 
TEP and conductance at 120K. 
 
Figure 5.20 shows the TEP at 20 K cryostat temperature as a function of different 
heating power. The temperature difference of the samples is proportional to the 
heating power, which can be seen in the linear relationship between the TEP and 
heating power.  
 





5.3.3 Variable range hopping thermoelectric transport in 
single-layer MoS2 
To have a further understanding of the scattering mechanism on the electrical and 
thermal transport, we apply the Mott VRH model to fit the temperature dependent 
conductance at low charge carrier densities145, 146. This model describes a system 
which is strongly disordered with the charge carriers hopping between localized states. 
The VRH relationship between conductance and temperature is given by147  
ߪ ൌ ߪ଴݁ݔ ݌ ቎െ൬ ଴ܶܶ ൰
ଵ
ௗାଵ቏																																													ሺ5.2ሻ 
in which ߪ  is the conductivity, d is the dimensionality of the system and the 
prefactor is given by ߪ଴ ൌ ܣܶି௠, with the constants m and A. In this case, d equals 2 
because of the two-dimensionality of the single layer CVD MoS2.  
 
Figure 5. 20: (a) VRH behavior of the conductance at different back gate voltages. (b) The 
TEP values at the gate voltage VBG-VTH= 20V as a function of temperature.  The dotted line 
shows the fit indicating VRH at lower temperatures. 
 
Figure 5.21 (a) shows the conductance of the device as a function of temperature at 
different gate voltages from 60 V to -20 V. It can be well fitted by the VRH equation 
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at different temperatures using m=0.8, which is in good accordance to previous 
results on electronic transport in the high resistance regime139. However, although the 
values fit very good for low temperatures, the VRH approach does not work as well in 
the high temperature range (beyond 200 K) due to the fact that thermal excitation of 
charge carriers becoming more dominant. Because the thermoelectric properties are 
determined by the charge transport in the system, the TEP is expected to follow 
similar behavior at low temperatures. The revised TEP by incorporating the Mott 
formula can be written as148, 149 
ܵ ൎ ݇஻ܶ ൬ ெܶܶ ൰
ଶ
ௗାଵ ൈ ݀݊ሺܧሻ݀ܧ |ாୀாಷ ∝ ܶ
ௗିଵ
ௗାଵ																											ሺ5.3ሻ 
where TM is the temperature independent Mott coefficient and ݊ሺܧሻ is density of 
states. Using d=2, we expect ܵ ∝ ܶଵ/ଷ. In Figure 5.21 (b), we plot the TEP values at 
VBG-VTH= 20V as the function of 	ܶଵ/ଷ with the temperature range of 20-300 K. 
From the linear fits, the low temperature (T<200 K) dependence agrees very well with 
the VRH Mott relation expected for the disordered semiconductor. The analysis in the 
regimes of lower resistivity yields similar results.  
When MoS2 is gated towards the insulating region, the resistance of the device goes 
beyond the input impedance of our measurement setup and the thermoelectric voltage 
measurement of the device becomes inaccurate. The resulting voltage drop will be 
underestimated due to this limitation. To make sure the temperature dependence 
discussed in Figure 5.21 is not influenced by this, similar analysis can be performed in 
the region, where the resistance of the device is well below the input impedance of 
our measurement setup. 
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Figure 5.22 (a) to (d) show the TEP values at gate voltage VBG-VTH= 30V, 40V, 45V, 
50V. The temperature ranges from 20K to 120K in which the contribution from 
thermal excitation is still not too strong. The resulting fits are consistent with the once 
shown in Figure 5.21 and verify the proposed VRH Mott relation. 
 
Figure 5. 21: (a), (b), (c) and (d) show the TEP at the gate voltage VBG-VTH=30 V, 40 V, 45 V 
and 50 V. 
 
As long as the system is dominated by VRH, the contribution from phonon-drag 
effect on TEP is negligible150, 151. This can be also seen in the close connection 
between the back gate voltage dependence of the TEP and the electrical conductance 
as mentioned earlier. These observations can be attributed to the strong localization of 
the charge carriers since phonon-drag only affects the non-localized ones152. When the 
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system goes towards higher carrier densities as the back gate voltage increases, the 
Fermi level moves up and the localized states in the gap start getting filled up153, 
resulting in the VRH transport observed in this experiment. Furthermore, as 
temperature increases, thermally excited charge carriers also start to contribute to the 
process. This contribution increases very fast with temperature. When the Femi level 
passes over the localized states and gets close to the conduction band, the contribution 
from thermally excited charges increases and the VRH will be suppressed as observed 
in our measurements. 
 
5.4 Conclusion 
In the first part of this chapter, we have discovered a strategy for etching MoS2 using 
XeF2 as a reaction gas. The morphology change and etching parameters were 
systematically studied. By controlling the etching process, monolayer MoS2 with high 
quality can be realized. Raman and photoluminescence spectra demonstrated that the 
etched flakes are as regular as the pristine ones. By using PMMA as an etching mask, 
we successfully combined micro-fabrication technology with this etching method to 
obtain different geometric structures. In order to study the etching mechanism, 
graphene was employed as an etching mask, and the etching process was clearly 
illustrated by a simple model. The model indicates that zigzag MoS2 nanoribbons can 
be fabricated by optimizing the etching process. Assuming that a wafer-scale 
single-crystal multilayered MoS2 is available, this etching method could provide a 
useful tool for the fabrication of large-area single layer MoS2 for integrated devices. 
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Thus, a road can be paved for future fundamental studies and integrated nanodevices 
based on the method reported here. 
In the second part of this chapter, electrical and thermal measurements of single layer 
CVD MoS2 have been performed in a broad temperature range. Remarkably large 
TEP values, up to 30 mV/K are observed, which is attributed to the tunability and the 
mechanism of electronic transport of ultrathin MoS2 and give these two dimensional 
semiconductors potential for thermoelectric applications. From the great enhancement 
at low carrier density region and the shift with the temperature, we show that at low 
carrier densities, transport is dominated by the variable-range hopping. This link 
between TEP and conductance also indicates that TEP measurements can be used to 


















Compare with graphene, single layer MoS2 is a direct band gap semiconductor with a 
1.8 eV band gap, which also results in an enhancement of the photoluminescence of 
monolayer MoS2154. A single layer MoS2 transistor with a room temperature current 
on/off ratio as high as 1 × 108 and ultralow standby energy dissipation has been 
reported40, which makes it a promising candidate for use in semiconductor 
nanoelectronic devices. Moreover, the large themopower in single MoS2 gives 
potential for energy harvesting applications as a thermoelectric material. However, 
the relatively low mobility in MoS2 actually limits its applications in some aspects. 
Recently, another new layered material: Black Phosphorus has joined the family of 
2D crystals. Compare with transition metal dichalcogenides (TMDs) like MoS2, black 
phosphorus is a layered-dependent direct gap semiconductor which shows a much 
higher mobility up to 1000 cm2V-1s-1. The excellent property of this emerging 
material has gained much attention in the scientific community. Recently, we 
demonstrate that few-layer black phosphorus exhibits dramatic high thermopower up 
to 150mV/K at room temperature. Together with a large electrical conductivity and 
thermal resistivity, the figure of merit ZT increase to 2.1 which is remarkably high 
efficiency for an elemental semiconductor (Publication list 8). Such high 
thermoelectric performance makes black phosphorus a great potential candidate for 
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heat energy harvesting application. Beside the heat energy, solar energy is also an 
important source of renewable energy. Semiconductors with direct band gap can 
direct convert the light energy into electric energy through the excited charge carriers 
after absorb the energy from photons. So the optoelectronics study of such materials 
is also very important for solving the energy shortage problem. In this chapter, we 
will study the optoelectronic property of black phosphorus and discuss its potential 
applications. 
Black phosphorus has a layered crystal structure enabling mechanical exfoliation of 
bulk crystals into thin films155, 44, 156, 43, 157. However, black phosphorus exhibits a 
highly anisotropic crystal structure unlike other 2D materials, causing its optical and 
electronic properties to be direction-dependent44, 157. The phosphorus atoms within the 
layers are bonded covalently to three neighboring atoms forming a puckered 
orthorhombic lattice158, 159, 160 and each phosphorus atom has five valence electrons. 
This makes black phosphorus a layer-dependent direct band gap semiconductor159, 161, 
162 with the energy gaps predicted to increase from  ~0.3 eV for bulk to 2 eV for 
single layer163 which differentiate black phosphorus from most of the transition metal 
dichalcogenides (TMDs)9  where direct band gap is only possible for monolayer164. 
TMDs have recently attracted intensive interests in optoelectronics attributed to the 
strong light absorption leveraged on the presence of direct band gap. In addition to the 
intrinsic direct band gap, the relatively small gap of multilayers allows black 
phosphorus to be tuned easily from OFF to ON conductance state43. The reasonably 
high hole mobility 100-1,000 cm2V-1s-1 and current modulation ~105 of thin black 
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phosphorus FETs make the material suitable for not only transistor applications, but 
also for optoelectronics devices155, 44, 43, 157. 
Black phosphorus can be seen as a crystal generated by periodic repetition of 
tetraphosphorus (P4) molecules165. It is known that tetraphosphorus P4 can be 
transformed temporarily to diphosphorus P2 upon ultraviolet (UV) irradiation166, 167, 168, 
which is often desirable because the latter form has a highly reactive π bond for many 
chemistry applications169, 170, 171. Thus, it is expected that the P4 structured black 
phosphorus also has strong interaction with illumination especially the UV light166, 167, 
168. Indeed, a black phosphorus based photodetector has been recently shown to have 
responsivity of 4.8 mAW-1 in the visible light regime172, however the optoelectronics 
characterization of this material in the near UV range are still absent. UV detection is 
of great technological interest and the need for applications ranges from simple fire 
detector, chemical markers and forensics studies to detectors positioned in space for 
niche astronomical observations173. 
In this chapter, we used black phosphorus as our semiconducting channel in 
photo-FETs. Upon illumination, light will be converted directly into current in our 
phototransistor. We demonstrate for the first time a wide range photo current response 
of black phosphorus photo-FETs, from 310 nm to 950 nm (from near UV to visible 
light-NIR) in our devices. In our photocurrent measurements, two distinct 
photoelectric behaviors were discovered and we conducted them in two different 
regimes due to the transition dependence of energy: the low energy range, from 1.3 
eV to 3.1 eV and the high energy range, from 3.2 eV to 4 eV. We obtained highest 
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photo responsivity of 9×104 AW-1 in the near UV regime (high energy range) and 
~1.82 AW-1 in the visible light-NIR regime (low energy range). Our photo 
responsivity in the near UV regime is two orders of magnitude higher than the 
previous reported value for single layer MoS2 (880 AW-1)9 and 105 more than in the 
visible light-NIR regime. Our measurement translates into a specific detectivity of 
~3×1013 Jones comparable to current state of the art UV detectors165. We attribute 
such a colossal UV photo responsivity to the resonant-interband transition between 
two specially nested valence and conduction bands. These nested bands provide an 
unusual high density of states for high-efficient UV absorption due to their singularity 
nature. Together with a reasonable mobility of ~142 cm2V-1s-1 and ON-current of 
~0.1-1 µA, black phosphorus indeed shows a vast potential for practical applications 
in optoelectronic devices. 
 
6.2 Characterization of few-layer black phosphorus based 
devices 
 
For the first step of our device fabrications, we used micromechanical exfoliation 
method to obtain few layers black phosphorus (From Smart Elements) on p-doped 
silicon wafers with 300 nm SiO2. The wafers have been previously treated with O2 
plasma to clean and activate the surface. Immediately after locating the few layers 
flake of black phosphorus based on the optical contrast and Raman measurements, we 
spin coated electron beam resist poly(methyl methacrylate) PMMA to protect the 
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flake because of its fast degradation in ambient155, 44. Next, we employ electron beam 
lithography to pattern electrodes and thermal metal evaporation for deposition of 5/80 
nm thick Ti/Au contacts. Schematic diagram for our photo FET is illustrated in Figure 
6.1 (a), and optical image is shown in Figure 6.1 (b). 
 
Figure 6. 1: (a) Three-dimensional view of the device structure we used in this chapter. (b) 
Optical image of one device. 
 
AFM was employed to identify the thickness of our flakes. Figure 6.2 (a) shows the 
AFM scan of a black phosphorus photo FET device with two metal contacts. The line 
profile presents the typical height of the crystal used in making the devices ~4.5 nm. 
The distance between adjacent layers of black phosphorus is 0.53 nm, so our sample 
is around 8 to 9 layers. The first-order Raman spectrum of few-layered black 
phosphorous on silicon substrate, as shown in Figure 6.2 (b), demonstrates several 
prominent peaks around ~360 cm-1, 440 cm-1, 470 cm-1 and 520 cm-1. The latter peak 
corresponds to the silicon substrate, while the first three originate from the vibrational 




Figure 6. 2: (a) AFM scan across the channel area of our device showing thickness of black 
phosphorus flake to be ~4.5 nm. (b) Raman analysis on the black phosphorus flake used to 
make photo-FET. 
 
All electronic measurements were performed with a two terminal DC technique under 
room temperature and high vacuum conditions (~10-7 mbar). We first characterized 
these devices by measuring the back gate dependence of the conductance (Figure 6.3 
(a)). Our devices show transistor ON/OFF in the orders of 105 as we tuned the back 
gate voltage. From the transconductance measurements, we can extract the field 




where ܮ and ܹ  are the length and width of our device channel and ܥ  is the 
capacitance per unit area. We obtain field effect hole mobility of ~ 142 cm2V-1s-1 
comparable to previous works on thin black phosphorus155, 44, 43, 157. Figure 6.3 (b) 





Figure 6. 3: (a) Conductance as a function of back gate voltage with VSD=0.1 V. (b) I-V 
characteristics of the same junction with different applied back gate voltage. 
 
 
6.3 Wide range optoelectronics of few layer black 
phosphorus 
To study the photo-response of our FETs, we used monochromatic Xenon light source 
with tunable wavelengths (310-950 nm) and power density (2-31 mWcm-2)175, 176. 
Unlike photodiode which can extract charge carriers from electron-hole pairs by the 
PN junction, a bias voltage is required to induce the current for the phototransistor. In 
Figure 6.4 we show time dependent photo response at the ON state of our device 
(VBG=-80 V) upon illumination of 400 nm, 550 nm, 650 nm and 900 nm wavelength 




Figure 6. 4: Fast response of photo current induced by excitation of 400 nm, 550 nm, 650 nm 
and 900 nm light source at VBG=-80 V. 
 
In the low energy range (400 nm to 900 nm) we observe a fast photo current response 
time in the order of millisecond (ms). As shown in Figure 6.5, the rise time of the 




Figure 6. 5: Time dependence photo current response excited by wavelength source of 500 
nm measured at VBG=-80 V and VSD=0.1 V used to extract the photo response time. The rise 
response time is τ0~1 ms and fall response time is τ1~4 ms. 
 
If we increased the energy of the light source by decreasing the wavelength to near 
UV range (310 nm to 400 nm), a photo response which shows a totally different 
behavior is observed. Figure 6.6 (a), (b) (c) and (d) show the photo current under the 
wavelength 310 nm, 330nm, 350 nm and 370 nm. Comparing these figures with 
Figure 6.4, we can find that unlike the sudden jump in photo current at the low energy 
regime, a gradual increase started after the illumination treatment on the sample. The 
photo current later shows saturation after ~200s, which yields much longer response 
time than the low energy regime. Such long response time which is comparable to 
other UV photodetectors177, 178. However, the photo current increased by two orders of 
magnitude in this slow photo response. In the low energy range, the fast response time 
can be ascribed to the conventional photon absorption with the excited electron hole 
pairs undergoing band-to-band recombination. We believe that the long response time 
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that we observe for high energy excitation (near UV) is due to recombination of 
electron-hole pairs through trap centers coming from defects or charge impurities179. 
This is consistent with the fact that black phosphorus degrades quickly in ambient to 
form layers of oxides/charged impurities from air155. 
 
Figure 6. 6: Time dependence of the photo current response excited by different wavelength 
sources, 310, 330, 350 and 370 nm measured at VBG=-80 V and VSD=0.1 V. At the high energy 
range, the response time increases to ~200 s response time 
 
The photo-responsivity (PR) and external photogain of our device in two different 
wavelength ranges, namely in the range 400-950 nm and 310-390 nm were calculated 
from the previous photo current measurements (Figure 6.7). For a typical 
photodetector, the photo-responsivity is defined as response current created by a unit 
power of excitation light on the effective area of the photo detector; 
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ሺܴܲሻ ൌ ∆ூ௉஺ೄ,  
where	∆ܫ is the excited photocurrent,	P is the intensity of the light power and Aୗ is 
the effective area of our channel. 
 
Figure 6. 7: Photo-responsivity of our device within the energy range 1-4 eV measured at 
VBG=-80 V and VSD=0.1 V. 
 
Meanwhile the external photogain can be computed via the following equation179, 180; 
ܧݔݐ݁ݎ݈݊ܽ	݃ܽ݅݊ ൌ ∆ܫ݁ ൈ ∆݊ ൈ ܣௌ, 
where	∆݊ is the number of excited electron hole pairs and ݁ is the electron charge. 
To estimate	∆݊ we can employ the following relation;  
∆݊	 ൌ ܥீ ൈ ∆்ܸ݁ , 
where	ܥீ  is the capacitance of a dielectric film of 300 nm SiO2, 1.15×10-8 F/cm2 
and 	∆்ܸ  is the shift of threshold voltage. By using ∆்ܸ 	~	10	ܸ , 
ܣௌ~10	ߤ݉ଶ	 and 	∆ܫ~	10	݊ܣ  in this photoconductor configuration, the external 
photogain can be as high as ~ 106. In the fast response time range, the 
photo-responsivity shows a maximum of ~90 mAW-1 at wavelength of 800 nm. On 
the other hand, in the slow response time range, a clear increase of photo-responsivity 
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can be observed while the wavelength of the light sources decreased from 390 to 310 
nm with a maximum photo-responsivity as high as 175 AW-1. We plotted the time 
dependent photo current curve under the transition wavelength between the fast and 
slow response in Figure 6.8. From the blown up plots for the increasing region I 
(Figure 6.8 (b)) and the decreasing region II (Figure 6.8 (c)), we can find that the two 
distinct steps actually both contribute to the photo current. When the light was on, the 
excited carriers travelled for milliseconds and then recombined back to the valence 
band, which induced the fast photo current in the sample. As the energy of the 
photons in the light source increased, much more carriers from lower valence band 
were excited and jumped to upper conduction band after absorption of high energy 
photons, which can be also elucidated by our later theory calculation. This provided a 
large amount excited carriers and made excited carriers much more difficult to 
recombine back to the valence band. The excited carriers circulated in the external for 
circuit many times181 before recombination with their trapped counterparts182. All the 
circulation of the photo-generated carriers kept contributing to the photo current 
leading to large photo-responsivity and long response time177, 178. As the energy 
increased, the contribution from the slow response increased with the number of 
circulation and it is much larger than the fast response. From Figure 6.6, the 
contribution of fast response was screened by the slow response. All the 





Figure 6. 8: Combination of fast and slow response of photo current with excitation of 390 
nm light source at the same applied back gate. Region I shows the sharp increase followed by 
gradual increase of photo current while the light source is turned ON. Similarly in region II, 
there is a sudden drop followed by gradual decrease of photo current when the light is turned 
OFF. (b) Zoom in plot of region I as shown in (a). (c) Similarly for region II. 
 
Another central figure of merit often used to compare the performance of 
photodetectors is the specific detectivity183; 
ܦ ൌ ሺ௉ோሻඥ஺ೄ௙ௌಿ , 
where	݂ is the frequency bandwith and	ܵே	is the noise spectral density. In our case 
the specific detectivity amounts to be ~3×1013 Jones which is in the order of the 
current state of the art UV detectors183. 
For better understanding of the energy dependent photo responsivity, a theoretical 
curve for the optical conductivity σ is shown in Figure 6.9 (a), obtained by adopting 
an independent electron approximation, within the density functional theory 
framework. The measured photoconductivity has contributions both from the 
σxxandσyy components of the optical conductivity tensor. As in experiment, σxx has a 
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first absorption edge at the gap energy (positioned at 0.1 eV in the theoretical curve), 
but the largest absorption actually happens in the UV range. Between 3 and 4 eV, 
there is a group of high peaks both on σxxandσyy. The dominant high absorption 
peaks originate on the nested valence and conduction bands nearly flat between 
Gamma and Z, indicated by an arrow in Figure 6.9 (b). This is similar to the 
band-nesting in semiconducting transition metal dichalcogenides184. The fact that the 
peak energies do not coincide exactly with experiment is due to two sources of error 
in the theoretical working approximations, which partially cancel: a systematic 
underestimation of the energy of the conduction bands, arising from the discontinuity 
of the exchange-correlation energy; and ignoring the exciton binding energy, which 
would shift the absorption peaks towards higher energies. According to a recent GW 
study, these shifts are about 1.2 eV and 0.8 eV, respectively163. 
 
Figure 6. 9: (a) Theoretical optical conductivity, obtained from first principles. (b) Black 
phosphorus band structure, obtained from first-principles calculations. The arrow indicates the 
band nesting responsible for the earliest absorption edge in the UV (between 3 and 4 eV). 
 
In addition to the photo-responsivity measurements, we have also conducted 
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experiments to obtain the absorption spectrum of few-layer black phosphorus by first 
measuring the differential reflectance. The fact that we observe a high differential 
reflectance in the near UV energy range provides a strong argument for the high 
activity of black phosphorus at larger energies (Figure 6.10). The absorption spectrum 
of black phosphorus can be directly obtained from measuring the differential 





where n is the refractive index of black phosphorus. The fact that we do see the rapid 
increase of differential reflectance/absorbance in the near-UV range is a strong 
argument for the high activity of black phosphorus at larger energies. 
 
Figure 6. 10: Absorbance spectrum measurements of few-layer black phosphorus showing 
high absorption at high excitation energy. 
 
To further confirm the photo current generation in our device, we study the power 
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density dependence of the photo current at a fixed wavelength of 500 nm. As shown 
in Figure 6.11, the photo current varies linearly with the intensity of the light power 
(25-31 mWcm-2) as expected from the second equation above. From the linear fit of 
the plot, we can extract the gradient of the line 6.1 nAcm2W-1 which agrees well with 
our measurements ሺܴܲሻܣ௦ ൌ 6.3nAcm2W-1. 
 
Figure 6. 11: Photo current as a function of power density measured at VBG=-80 V, VSD=0.1 
V and a fixed light source of 500 nm. 
 
Here we see for a fixed excitation source of wavelength 400 nm, the 
photo-responsivity increases as we tune the back gate voltage from VBG=0 to VBG=-80 
V. When we change the back gate voltage, we are effectively moving the Fermi level 
of the system towards the valence band. Thus the photo excited electron hole pairs 
can be separated by the external bias instead of being trapped or recombined in the 




Figure 6. 12: Photo-responsivity calculated for excitation source of 400 nm with varying 
applied back gate VBG and fixed source drain bias VSD=0.1 V. 
 
In Figure 6.13, we investigate the source drain bias VSD dependence of the 
photo-responsivity of our device. As before, we separate the results into two different 
regimes; visible light-NIR and near UV regimes. Figure 6.13 (a) shows the VSD 
dependence of the responsivity for low energy range excitation (500 nm). We 
observed a linear increase in responsivity from ~50 mAW-1 to ~1.82 AW-1 as we 
increase the VSD from 0.1 V to 3 V. Similar response was seen in the near UV 





Figure 6. 13: (a) Photo-responsivity in the low energy excitation range (visible light-IR) 
measured at VBG=-80 V. (b) Photo-responsivity in the high energy excitation range (near UV) 
measured at VBG=-80 V. 
 
Last, we note that the electron and hole lifetimes, which limit the photo-responsivity, 
are predominantly determined by the type of defects present. Due to the reactivity of 
the surface of black-phosphorus, high concentration of impurities aggregates on the 
surface and majority of these are oxygen impurities. According to a recent study 
oxygen point defects and aggregates are normally electrically inactive, except for 
surface metastable bridging oxygen, which may introduce both donor and acceptor 
states186. Such oxygen impurities are unavoidable as long as the exfoliations of these 
flakes and the subsequent device fabrication are not performed in an inert environment 
(glove box). Hence, the performance of BP based UV detectors are likely to increase by 
encapsulating it with for e.g Al2O3 to protect the top layer from degradation187. Another 
source of recombination centers are interface traps such as Si dangling bonds at the 
SiO2 surface. These are similar to the E' centers188, 189, and have acceptor levels 
between 2 and 4 eV below the conduction band of SiO2, some therefore resonating 
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with the conduction band states and behaving as efficient electron traps. 
 
 
6.4 Anisotropy optoelectronics of few layer black 
phosphorus 
We now analyze the relation between the photoconductivity and the orientation of the 
sample relative to the light polarization. First, we use Raman measurements (Figure 
6.14) to establish the orientation of the crystal axes relative to the device terminals. 
From the first-principles calculations of the Raman tensor, we find that the intensity 
of the A1g and A2g modes is much lower along the direction of the black phosphorus 
zigzag ridges (y) than along the perpendicular direction (x). In fact, the ratio between 
the Rxx and Ryy components of the Raman tensor is Rxx/Ryy=300 for the A2g mode and 
140 for the A1g mode. Thus, from the dependence of the Raman intensity of the A2g 
mode on the polarization angle, we deduce that the SD direction is oriented along the 
y-axis of the crystal. 
 
Figure 6. 14: Polarization-resolved Raman spectra of few-layer black phosphorus along 




Further, we expect to see a change in photocurrent as we vary the polarization angle 
due to the anisotropic crystal structure of black phosphorus crystals44. This is clearly 
seen in Figure 6.15 (b). The photocurrent shows 180° rotational symmetry, with 
minima at 0° and 180° (when the polarization of the incident light electric field is 
perpendicular to the SD direction) and  maxima at 90° and 270° (when the 
polarization of the incident light electric field is parallel to the SD direction).  
 
Figure 6. 15: (a) Measured polarization dependence of the intensity of the A2g/A1g Raman 
peak. (b) Photocurrent measured with laser source of 405 nm wavelength at different light 
polarization angle with VSD=0.1 V and VBG=-80 V, showing a 180° rotational symmetry. 
 
This angular dependence can be related to the anisotropy of the σ tensor by assuming 
that the current density along the y direction  (jy) is given by jy=t(θ)σyyEysin θ, where 
Ey is the y component of the incident electric field, t is the ratio between the 
magnitudes of the transmitted and incident electric fields, given by 
t(θ)2 =4cos(θ)2/(1+n+4πσxxμ0/c)2+4sin(θ)2/(1+n+4πσyyμ0/c)2. 
Where n is the refraction index, c is the speed of light and μ0 the vacuum permeability. 
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Here, we assume that the dielectric constant is approximately isotropic and that the 
incident and transmitted polarization angles are approximately the same. If the 
generated current density is collected independently of its polarization, the 
polarization dependence is given by an ellipsoid (Figure 6.16); however, because 
electron-hole pairs are more efficiently separated and collected when j is parallel to 
the DC field, the shape of the curve is slightly narrower along the x (horizontal) axis, 
which is perpendicular to the SD direction. 
 
Figure 6. 16: Simulated dependence of the photocurrent on the light polarization angle, for 
j2=ajx2+jy2, where a is the collection efficiency for currents perpendicular to the DC field, for 




To summarize, we have shown the potential of black phosphorus to be used as 
photodetector material with a wide electromagnetic range of photo current response. 
We showed photo-response in black phosphorus FETs with reasonable field effect 
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mobility and high ON/OFF current modulation. We identify two distinct mechanisms 
for the photo current response at two different energy ranges.  Due to the intrinsic 
direct band gap of black phosphorus, we obtain a maximum photo-responsivity of 
~9×104 AW-1 and the calculated external photogain can be as high as 108. The 
measured responsivity is two orders of magnitude higher than measured in single 
layer MoS2 (880 AW-1)9 and several orders of magnitude higher compared to other 2D 
materials9. We believe the colossal photo-responsivity is due to band nesting and 
corresponding singularity in the join density of states. To provide a more direct 
comparison with other photodetectors, we have calculated the specific detectivity of 
our device to be ~3×1013 Jones in the near UV spectrum. Moreover the existence of 
this small direct band gap allows black phosphorous to be continuously tuned from 
the ON to OFF state of this transistor. Black phosphorous proved to be a strong viable 












Chapter 7 Summary and outlook 
 
In this thesis, an effort has been made to understand the basic thermal transport, 
thermo- and photo-electric properties in 2D crystals. In this chapter, I will give a brief 
scope of future work. 
 
Thermoelectric experiment: Although each black phosphorus atom is connected to 
three adjacent phosphorus atoms and form to a stable ring structure like graphene, the 
puckered crystal structure breaks the symmetry and results in unique angle-dependent 
in-plane anisotropy. The study of the anisotropy in electrical conductivity of black 
phosphorus has shown that the electrical conductivity along the x direction is 
approximates two times larger than in its y direction44. The same anisotropy behavior 
is already observed in the photoresponse measurement in our experiment.  
As we have discussed in chapter two, the Seebeck coefficient is very sensitive to the 
bandgap and crystal structure of the material. The close relationship between the 
Seebeck coefficient and the Fermi surface structure indicates that the thermopower 
should also have anisotropic behavior. The study of anisotropic thermopower in black 
phosphorus is very important for the basic understanding of thermal and electrical 
transport in the materials. Moreover, this also helps to further improve its 
thermoelectric performance. 
However, black phosphorus is extremely sensitive to the environment155. This result 
in a thermopower strongly dependent on the sample thickness, on the oxidization and 
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the residues from the fabrication process (Publication list 8). This makes it a big 
challenge for characterizing the anisotropic thermoelectric behavior. In order to give a 
precise characterization of anisotropy thermopower in black phosphorus, the 
following geometry is employed (Figure 7.1): 
 
Figure 7. 1: Illustration for anisotropy thermopower device fabrication. 
 
A large black phosphorus flake is separated to eight small flakes by the deep RIE 
CHF3/O2 plasma etches. This make sure the eight flakes are in the same thickness and 
the same fabricate process following later will reduce flake to flake variation in the 
final set of devices. From this geometry, we can have eight thermoelectric devices of 
different crystal orientations. Another important aspect is to create same temperature 
gradient in all the devices. Here, a laser is employed to create homogeneous heat 
gradient in all devices by shining in the middle of the cycle formed by these eight 
devices. By measuring these eight devices, we can get the thermopower results of 
different crystal orientations. From Figure 7.1, we can find that actually the 
symmetric devices like A and A’ or B and B’ should have the same thermopower. This 
 
145
will also help us to verify our method in measuring the thermopower. The optical 
image is shown below in Figure 7.2. 
 
Figure 7. 2: Optical image for anisotropy thermopower device fabrication. 
 
Figure 7.3 shows the thermovoltage dependence with the laser power, the linear 
relationship (Figure 7.3 (b)) indicates that the laser can provide tunable heat gradient 
by changing the laser power. 
 
Figure 7. 3: Thermovoltage vs. laser power. 
 
Photoelectric experiment: Based on the discussion in chapter 6, the photoresponse 
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of black phosphorus actually is separated by two kinds of mechanisms. The fast 
response is from the excited charge carriers travel for milliseconds in the materials 
and then recombine back to the valence band. As the energy of the photons in the 
light source increased, much more carriers from lower valence band were excited and 
jumped to upper conduction band after absorption of high energy photons. This 
provided a large amount excited carriers and made excited carriers much more 
difficult to recombine back to the valence band. The excited carriers circulated in the 
external circuit many times before recombination with their trapped counterparts. 
However, the impurities and the trap centers in black phosphorus can be controlled by 
an encapsulation layer on its top to avoid the environment degradation. By studying 
the photoelectric property of encapsulated black phosphorus, we can extract the 
photoresponse contribution form the impurities and the trap centers from the total 
photoresponse in black phosphorus, which is very important in understanding the 
photoelectric transport in black phosphorus, and this will be also helpful in further 
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